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Background: The development of highly efficacious alternatives to mu-opioid analgesics repre-
sents an urgent unmet medical and public health need. In the presence of inflammation both delta- 
and kappa-opioid agonists, acting on peripheral sensory neurons, mediate analgesia. The dual- 
acting, peripherally restricted kappa/delta-opioid agonist, CAV1001, was tested in four rodent pain 
models.
Methods: Experiment 1 – Formalin testing in mice. Three doses (1–10 mg/kg) of CAV1001 
or ICI204448 at 30 minutes were tested after formalin injection. Spontaneous nocifensive 
responses were video recorded. Experiment 2 – Complete Freund’s Adjuvant (CFA)-induced 
arthritis. CFA was injected into the ankle joint of rats. Joint compression thresholds (JCT) 
were measured. CAV1001 was compared to celecoxib. Experiment 3 – Spinal nerve ligation 
(SNL) in rats. Paw compression thresholds (PCT) were measured. CAV1001 was compared 
to gabapentin. Experiment 4 – MMRT-1 bone cancer implantation into the rat tibia. Weight- 
bearing was assessed. CAV1001 was compared to morphine.
Results: In Phase 2 of the formalin model, CAV1001 (1 mg/kg) significantly reduced pain 
behaviors to a degree comparable to the peripherally restricted kappa-opioid agonist, 
ICI204448 (10 mg/kg). CAV1001 (10 mg/kg) effectively eliminated pain behaviors asso-
ciated with phase 2. In the CFA-induced arthritis model, a significant increase in JCTs, 
similar to the comparator celecoxib, was observed with CAV1001 at 1 mg/kg at 2 hours; 
CAV1001 (10 mg/kg) was effective at 1 hour. In the SNL model, both the comparator 
gabapentin and CAV1001 (5 mg/kg) significantly reduced PCT at 2 hours, but at 4 hours, the 
CAV1001 thresholds improved to baseline. CAV1001 10 mg/kg significantly improved 
weight bearing at 4-hour post-dosing compared to baseline following MMRT-1 implantation.
Conclusion: CAV1001 demonstrated efficacy in several different preclinical pain models. 
Time- and dose-dependent differences in the efficacy of CAV1001 amongst these rodent pain 
models parallel the degree of underlying inflammation.
Keywords: inflammatory pain, CFA-inflammatory arthritis, neuropathic pain, bone cancer 
pain, spinal nerve ligation, formalin model

Introduction
Trauma or other injuries to peripheral tissues initiate an inflammatory response. This 
process provides both protective and restorative roles in recovery, but also induces 
sensitization of nociceptors in the peripheral tissues.1 The resultant hyperalgesia follow-
ing sensitization is proportionate to the degree of inflammation.2 When the inflammation 
is prolonged or persistent, chronic pain results, which can be severe and debilitating.3

Correspondence: Craig T Hartrick  
Email craighartrick@algosunesis.com

Journal of Pain Research                                                                       Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com Journal of Pain Research 2020:13 2461–2474                                                                2461

http://doi.org/10.2147/JPR.S262303 

DovePress © 2020 Hartrick et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

mailto:craighartrick@algosunesis.com
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


The pharmacologic treatment of moderate-to-severe 
pain has historically been dominated by mu-opioid analge-
sics. Unfortunately, centrally-acting mu-opioid agonists 
not only induce unwanted and even life-threatening 
adverse effects acutely, but they also precipitate tolerance 
and altered pain pathways within a week of use.4 

Moreover, chronic administration of opioids can even 
make pain worse in some cases.5 Consequently, the use 
of mu-opioid analgesics for persistent and chronic pain has 
become the subject of debate. Moreover, some pain states, 
such as neuropathic pain, are well known to be resistant to 
mu-opioids unless given concurrently with adjunctive 
medications.6 Proinflammatory mechanisms induced by 
mu-opioids, leading to glial activation, can contribute to 
the worsening of pain and the induction of hyperalgesia 
with continued use.7 The development of efficacious 
analgesics devoid of central mu-opioid adverse effects 
such as sedation, respiratory depression and risk for addic-
tion, and that are not proinflammatory, is an urgent unmet 
medical need.

The pathophysiology of chronic pain includes a num-
ber of alterations in the pain pathway itself. Some of these 
changes reduce the effectiveness of traditional mu-opioid 
analgesics. It is well known that neuropathic pain is char-
acteristically difficult to treat with mu-opioid analgesics 
resulting clinically in the use of polypharmacy. Because of 
the phenotypic shift in neuropathic pain away from mu- 
opioid dominated pain pathways, the use of co-analgesics 
has been one approach. Exploiting non-opioid and non-mu 
opioid pathways has been the subject of extensive research 
in this often devastatingly intractable pain condition.8 

Kappa-opioid receptor agonists are active in neuropathic 
pain states, such as postherpetic neuralgia.9 Moreover, 
neuropathic pains, including diabetic neuropathy, also are 
associated with a significant degree of inflammatory 
response in the peripheral tissues.10,11 Bone cancer pain 
and pain resulting from metastases to bone are often very 
severe and also characteristically difficult to treat. One 
contributing factor is that while the severity necessitates 
strong analgesics, such as mu-opioid agonists, the mu- 
opioid receptors (MOR) are actually downregulated in 
bone cancer, making traditional opioids less effective.12 

Consequently, alternatives to mu-opioid agonists that 
exploit changes in the pain pathway in association with 
bone cancer are needed.

Mu, delta, and kappa opioid receptors (MOR, DOR, 
KOR, respectively), each encoded by separate and unique 
genes, are expressed widely throughout the central and 

peripheral nervous systems and other tissues including 
the gastrointestinal and immune systems.13 Endogenous 
opioid peptides differentially interact with these receptors 
following volumetric release into synaptic and extrasynap-
tic spaces.14 Moreover, each of these receptors has a dis-
tinct anatomic expression pattern.15,16 MOR and DOR are 
co-expressed in unmyelinated pain fibers in peripheral 
tissues and both KOR and DOR are expressed in periph-
eral sensory neurons.17,18

Phenotypic shifting in opioid receptor distribution, traf-
ficking, and function occurs following a variety of patho-
logical states, including peripheral tissue injury.16 

Inflammatory injuries cause an increase in axonal transport 
of MORs from the DRG of sensory neurons into the 
periphery.19–21 Additionally, extrasynaptic MORs in 
immune cells are important mediators of inflammation- 
induced pain.22 KORs are also constitutively present in 
peripheral sensory neurons.23 In contrast, constitutively 
present, but normally quiescent, DORs become activated 
in the presence of inflammation.24 This DOR activation is 
associated with allosteric facilitation of KORs.24 A dual- 
acting delta/kappa-opioid agonist that is restricted to the 
periphery would take advantage of this synergy while 
avoiding unwanted dysphoria, hallucinations, and other 
central effects associated with kappa and delta opioid 
agonists.

The hexahydrodiimidazodiazepine heterocyclic pepti-
domimetic, CAV1001 (Caventure Drug Discovery, 
Bloomfield Hills, MI, USA) is a peripherally restricted 
dual-acting delta/kappa opioid agonist. Both the opioid 
receptor selectivity and peripheral restriction of this 
novel diazaheterocyclic have been previously described 
by Eans et al.25 These investigators identified this pepti-
domimetic, formerly known as Compound 2065–14, as an 
analgesic in mice that acts peripherally. In the warm water 
(55° C) tail-withdrawal assay, morphine at 10mg/kg i.p. 
and CAV1001 administered at either 10 mg/kg i.p. or the 
equivalent oral dose (30 mg/kg p.o.) were equianalgesic. 
However, in the acetic acid writhing assay CAV1001 at a 
dose of 1 mg/kg i.p. was as effective as morphine 10 mg/ 
kg i.p. Efficient absorption without penetration across the 
blood-brain barrier (BBB) was confirmed by comparing 
blood levels to brain levels following oral administration 
(30 mg/kg p.o.). While blood levels were readily demon-
strated, only negligible amounts were observed in brain 
samples at 30, 60, and 90 minutes after dosing. 
Impermeability to the BBB was confirmed by pretreatment 
with the BBB impermeable opioid antagonist, naloxone 
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methiodide. Antagonist-induced antinociception was only 
noted when treated on the same side of the BBB as 
CAV1001 administration (central: CAV1001 30 nmol i.c. 
v./naloxone methiodide 30 nmol i.c.v; peripheral: 
CAV1001 10 mg/kg i.p./naloxone methiodide 30mg/kg s. 
c.). Further, neither reward nor aversion effects were noted 
as assessed by conditioned place preference (CPP) (30 
nmol i.c.v.). Additionally, in contrast to morphine, there 
was no acute analgesic tolerance when 5 nmol i.c.v. was 
followed by 0.3–100 nmol i.c.v. dosing. There was also a 
lack of effect on locomotor function or balance on rotarod 
testing (30 nmol i.c.v.). Peripherally, due to negligible mu- 
opioid activity, no appreciable slowing of gastrointestinal 
transit was observed following charcoal ingestion.

The purpose of this work is to evaluate CAV1001 in a 
range of subacute and chronic pain models in rodents. 
Specifically, we now report CAV1001 compared to a per-
ipherally restricted kappa opioid receptor (KOR) agonist 
to assess the degree of synergy offered by the delta opioid 
receptor (DOR) agonist activity under inflammatory con-
ditions without central nervous system involvement. The 
efficacy of CAV1001 was then assessed in preclinical pain 
models associated with varying degrees of inflammatory 
response. Although these experiments were not designed 
to measure the inflammatory response, the variable extent 
to which the inflammatory cascade is elicited in these 
models has been the subject of extensive previous study. 
With a dual-acting DOR/KOR agonist, greater analgesic 
activity might be anticipated in conditions associated with 
greater degrees of inflammation.

Methods
Experiment 1: Formalin Model
Subcutaneous plantar injection of formalin causes a bi- 
phasic nocifensive behavioral response in rodents. The 

early acute phase (Phase 1) lasts for about 5–10 minutes, 
following which an interphase occurs without any discern-
ible nociceptive reactions. A late phase (phase 2) nocicep-
tive reaction then ensues continuing from about 20 
minutes after formalin injection and continues until about 
60 minutes after injection. Phase 2 of the formalin model 
arises as a consequence of the induction of the inflamma-
tory response. The late phase (phase 2), in particular, is 
considered as a pharmacodynamic surrogate of central 
sensitization. CAV1001 (MW 486.3; 98.6% purity; 
Torrey Pines Institute for Molecular Studies, Port St. 
Lucie, FL, USA) was compared to a peripherally restricted 
kappa agonist, ICI204448 (MW 465.4; >98% purity; 
Sigma, Natick, MA, USA) in the formalin model in the 
mouse at the Charles River Laboratories in Montreal, CA.

Following IACUC approval in accordance with the 
International Association for the Study of Pain Guidelines 
for the Use of Animals in Research (Charles River Montreal 
Institutional Animal Care and Use Committee; CR-MTL 
IACUC#: 5,900,579; 03/10/17) and acclimation for a mini-
mum of 6 days, individually housed male mice (C57BL6; 
Charles River Ltd., Canada) weighing 20–30 g were ran-
domly pretreated with inert vehicle (phosphate buffered sal-
ine; PBS), ICI204448 1mg/kg, ICI204448 3mg/kg, 
ICI204448 10mg/kg, CAV1001 1mg/kg, CAV1001 3mg/kg, 
or CAV1001 10 mg/kg administered IP (intraperitoneal) 30 
minutes prior to formalin injection (Table 1). Food and water 
were provided ad libitum throughout the study; a light cycle 
of 12-hour light and 12-hour dark was maintained; nesting, 
hiding and chewing materials were provided for psychologi-
cal and environmental enrichment.

Animals were next acclimated to an observation cham-
ber for 15 minutes immediately prior to formalin injection. 
All animals received an intraplantar subcutaneous injec-
tion of 30 μL of freshly prepared room temperature 5% 
formalin in PBS into the left hind paw, then immediately 

Table 1 Formalin Study Design

Treatment Dose Level (mg/kg) Route Dose Volume (mL/kg) Pre-Treatment Time N

Vehicle 
(1:1:8 ethanol: Tween 80: 0.9% saline)

0 IP 20 30 min 8

ICI204448 – Low Dose 1 IP 20 30 min 8

ICI204448 – Mid Dose 3 IP 20 30 min 8
ICI204448 – High Dose 10 IP 20 30 min 8

CAV1001 – Low Dose 1 IP 20 30 min 8

CAV1001 – Mid Dose 3 IP 20 30 min 8
CAV1001 – High Dose 10 IP 20 30 min 8

Abbreviation: IP, intraperitoneal.
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placed into an observation chamber where formalin- 
evoked spontaneous nociceptive behaviors in the mice 
were continuously recorded for 40 min using a commercial 
camcorder.

Scoring from the recorded video files was done off-line 
using a PC by an observer who had been validated to score 
such nociceptive behavior in rodents and was blinded as to 
study group assignment. The total time spent in each 5- 
minute bin was recorded in seconds using a stop-watch for 
the following nociceptive behaviors: biting and licking of 
the formalin-injected paw. The cumulative total of beha-
viors recorded in bins 20–25, 25–30, and 30–35 minutes 
were defined as the sum of phase 2 behaviors. Percentage 
maximal possible effects (%MPE) during phase 2 were 
calculated as previously described:26

%MPE = [sum of phase 2 behaviors with drug]/[sum of 
phase 2 behaviors with control] x 100

Curves were fit using simple linear regression. 
Statistical analyses were performed using Graphpad 
Prism 8.42 for Mac (San Diego, CA).

Study size determination, eligibility, model validity: A 
minimum of eight animals per group was required to 
achieve meaningful differences between groups at a sig-
nificance level of p<0.05. Animals without an interphase 
(ie between phase 1 and phase 2) demonstrating reduced 
behaviors were excluded as model failures.

Experiment 2: CFA Model of 
Inflammatory Arthritis
This experiment evaluated the efficacy of a single intra-
peritoneal injection of CAV1001 on hyperalgesic nocicep-
tive behaviors in the CFA (Complete Freund’s Adjuvant) 
Model of Inflammatory Arthritis Pain in rats at American 
Preclinical Services, Minneapolis, MN, USA.

Following IACUC approval in accordance with the 
International Association for the Study of Pain 

Guidelines for the Use of Animals in Research (APS 
IACUC# CDD003-PH15; 02/02/18) and a minimum 5- 
day acclimation period, inflammatory arthritis pain was 
induced in male (175–200 g), Sprague-Dawley (Envigo; 
Indianapolis, IN) rats by intracapsular injection of 50 μL 
of 100% complete Freund’s adjuvant (CFA) into the tibio-
tarsal joint of the left hind leg. Animals were anesthetized 
(isoflurane 1–4%) prior to CFA injection.

Ipsilateral and contralateral joint compression thresh-
olds (JCTs) were determined using a digital Randall- 
Selitto device (dRS; IITC Life Sciences; Woodland Hills, 
CA) prior to CFA injection and 14 days post-CFA (Day 0), 
prior to study article administration. At that time 50 ani-
mals that met inclusion criteria, ie animals exhibiting at 
least a 25% decrease in Day 0 pre-dosing baseline (BL) 
JCT compared to pre-injury baseline JCT, were assigned to 
5 groups with 10 animals per group.

Treatment group assignment was based on Day 0 pre- 
dosing JCTs such that group means of the ipsilateral JCTs 
were approximately equal. All animals were ranked by ipsi-
lateral JCT and randomly assigned within stratified sub-
groups according to the total number of treatment groups in 
the study. Animals were administered a single dose of the 
CAV1001 (1, 5, or 10 mg/kg IP), the anti-inflammatory/ 
cyclooxygenase-2 inhibitor celecoxib (30 mg/kg PO [oral 
gavage]: active control; internal validity; 98% purity; 
Toronto Research Chemicals, North York, Canada) or vehi-
cle on Day 0 (Table 2). Dosing sequence was based on the 
animal number so that the distribution of treatments across a 
given set of animals was not predictable.

Animals were allowed to acclimate to the testing room 
for a minimum of 15 minutes before mechanical hyper-
algesia testing. For testing, animals were placed in a 
restraint sling that suspended the animal, leaving the hind 
limbs exposed for testing. The stimulus was applied to the 
ankle joint by a blunt tip and pressure was applied 

Table 2 Arthritis (CFA Ankle): Study Design

Test System ID: Species: Breed: Sex Rat: Sprague-Dawley: Male

Treatment N Dose (mg/kg) Dose Vol. (mL/kg) Route Day of Admin./Frequency

Vehicle (Ethanol: Tween 80: Normal Saline – 1:1:8) 10 NA 5 IP Day 0/1x

CAV1001 10 1 5 IP Day 0/1x
CAV1001 10 5 5 IP Day 0/1x

CAV1001 10 10 5 IP Day 0/1x

Celecoxib 10 30 5 PO Day 0/1x

Abbreviations: IP, intraperitoneal; PO, oral.
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gradually over approximately 10 seconds. JCT values were 
recorded at the first observed nocifensive behavior (voca-
lization, struggle, or withdrawal). One reading per joint 
was taken at each time point, and a maximum stimulus 
cut-off of 500 g was used to prevent injury. The mean and 
standard error of the mean (SEM) were determined for 
ipsilateral and contralateral joints for each treatment group 
at each time point. Bilateral JCTs were determined 1, 2, 
and 4 hours after post-dosing. All behavioral evaluations 
were performed in a blinded manner, with all experimen-
ters involved in the study being unaware of the group 
assignment of any animal they were testing. One staff 
member prepared the dose solutions, coded the syringes 
of solutions, and created the blind (treatment key).

Study size was calculated using the Massachusetts 
General Hospital on-line power calculator (http://hedwig. 
mgh.harvard.edu/sample_size/size.html). To detect a JCT 
difference of 68 g with a power of 80% and a standard 
deviation of 51, 10 animals per group were required. Based 
upon prior experience it was anticipated that approximately 
10% of animals would fail to reach inclusion criteria. 
Statistical analyses were conducted using Prism 8.42 for 
Mac (Graphpad, San Diego, CA, USA). The level of signifi-
cance was set at α = 0.05. The development of the pain model 
was assessed by t-test with internal validation with active 
control and the effect of CAV1001 assessed using one-way 
ANOVA with Dunnett’s test for multiple comparisons.

Experiment 3: Spinal Nerve Ligation
This study evaluated the efficacy of a single intraperitoneal 
injection of CA1001 and the active comparator, the antic-
onvulsant gabapentin, in the spinal nerve ligation (SNL) 
model for neuropathic pain in the rat at American 
Preclinical Services, Minneapolis, MN, USA.

Following IACUC approval (APS IACUC# CDD002- 
PH01; 01/26/18) and acclimation, neuropathy was induced 

by spinal nerve ligation (SNL) under isoflurane anesthesia 
(up to 5%) in male (75–100 g), Sprague-Dawley rats 
(Envigo; Indianapolis, IN) by surgically ligating the 5th 
and 6th lumbar spinal nerves (L5 and L6). Mechanical 
sensitivity was assessed via paw compression thresholds 
(PCTs) using a dRS device fitted with a cone-shaped tip. 
Thresholds were determined prior to surgery and 15 days 
post-surgery, prior to study article administration.

Animals meeting inclusion criteria were assigned to 5 
groups with 10 animals per group. Only animals that exhib-
ited at least a 25% decrease in PCT from pre-injury BL to 
pre-dosing BL, or a 1.5 ratio of contralateral/ipsilateral 
thresholds were included. Included study animals were admi-
nistered a single dose of CAV1001 (1, 5, or 10 mg/kg IP), the 
gabapentin (100 mg/kg IP; active control; internal validity; 
>98% purity; Spectrum Chemical Manufacturing 
Corporation, Gardena, CA, USA), or vehicle on Day 0 (15 
days after SNL surgery). Group assignment was based on 
Day 0 pre-dosing dRS PCTs such that group means of 
ipsilateral paw compression thresholds were equal. Animals 
were ranked by ipsilateral PCT measurement from lowest to 
highest and treatment group assigned randomly within stra-
tified subgroups according to the total number of treatment 
groups. Animals were dosed in sequence based on the animal 
number so that the distribution of treatments across a given 
set of animals was not predictable. Behavioral assessments 
were made by investigators who were blind to treatment 
allocation (Table 3).

PCTs were assessed at 1, 2, and 4 hours after admin-
istration. Animals were given a minimum of 15 minutes to 
acclimate to the room prior to testing. As in the CFA 
model previously described, the animals were suspended 
in a restraint sling for testing. The pressure stimulus was 
applied gradually over a period of 10 seconds to the 
plantar surface of the hind paw. PCT values were recorded 
at the first observed nocifensive behavior (vocalization, 

Table 3 Neuropathic Pain (SNL): Study Design

Test System ID: Species: Breed: Sex Rat: Sprague-Dawley: Male

Treatment N Dose (mg/kg) Dose Vol. (mL/kg) Route Day of Admin./Frequency

Vehicle (Ethanol: Tween 80: Normal Saline – 1:1:8) 10 NA 5 IP Day 0/1x

CAV1001 10 1 5 IP Day 0/1x
CAV1001 10 5 5 IP Day 0/1x

CAV1001 10 10 5 IP Day 0/1x

Gabapentin 10 100 5 IP Day 0/1x

Abbreviation: IP, intraperitoneal.

Dovepress                                                                                                                                                        Hartrick et al

Journal of Pain Research 2020:13                                                                                            submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
2465

http://hedwig.mgh.harvard.edu/sample_size/size.html
http://hedwig.mgh.harvard.edu/sample_size/size.html
http://www.dovepress.com
http://www.dovepress.com


struggle, or withdrawal). One reading per paw was taken 
at each time point, and a maximum stimulus cut-off at 300 
g was used to prevent injury. Mean and SEM were deter-
mined for ipsilateral and contralateral paws for each group 
at each time point.

Study size was calculated using the Massachusetts General 
Hospital on-line power calculator (http://hedwig.mgh.harvard. 
edu/sample_size/size.html). In order to detect a threshold dif-
ference of 4.5 g with a power of 80%, (assuming mean control 
= 3.42, mean treated = 7.92, standard deviation = 2.1) group 
size of 10 was required for each treatment. Because approxi-
mately 10% of animals undergoing surgery may not meet 
inclusion criteria, surgery was performed on 55 animals. 
Statistical analyses were conducted using Prism 8.42 for 
Mac (Graphpad, San Diego, CA, USA). The level of signifi-
cance was set at α = 0.05. The development of the pain model 
was assessed by t-test with internal validation with active 
control and the effect of CAV1001 assessed using one-way 
ANOVA with Dunnett’s test for multiple comparisons.

Experiment 4: Bone Cancer
This study evaluated the efficacy of a single intraperitoneal 
injection of CAV1001 and the comparator, morphine, a mu- 
agonist opioid, in the mammary gland carcinoma (MRMT-1) 
model for osteolytic bone cancer pain in the rat at American 
Preclinical Services, Minneapolis, MN, USA.

Following IACUC approval (APS IACUC # CDD001- 
PH12; 01/23/18, amendment approval date: 02/16/18) and 
acclimation for a minimum of 5 days, under isoflurane 
anesthesia (up to 5%), bone cancer pain was induced by 
injection of 3000 MMRT-1 cells into the intramedullary 
space of the left tibia in male (100–250 g) Sprague- 
Dawley rats (Envigo; Indianapolis, IN). Weight bearing 
was assessed prior to inoculation, at BL (Day 0) prior to 
test substance administration 14–18 days after inoculation, 
and at 1, 2 and 4 hours after test article administration. 
Test articles were vehicle, CAV1001, and the active com-
parator, morphine.

All testing was performed in a blinded manner where 
experimenters were unaware of group assignment. Hind 
limb weight bearing scores (WBS) were measured using a 
Linton Incapacitance Tester (Stoelting Co., Wood Dale, 
IL). Animals were acclimated to the testing room for a 
minimum of 15 minutes prior to testing. When the animals 
were in the correct position in the acrylic testing chamber, 
the average force exerted individually by each hind paw 
over a 3-second interval was taken. Three evaluations of 
force per animal were taken at each time point. The 

percent WBS for the injured limb was calculated for 
each evaluation of force as follows:

%WBS = [weight on Left leg/(weight on left leg + 
weight on right leg)] x 100

The mean of the three values was taken as the %WBS 
for that time point.

Group assignment was based on Day 0 pre-dosing %WBS 
scoring so that the group means were approximately equal. 
Animals were ranked by %WBS from lowest to highest and 
treatments randomly assigned within stratified sub-groups 
according to the total number of treatment groups. As in 
Experiments 2 and 3, successful model creation was defined 
by both the behavioral response, in this case, a significant 
decrease in %WBS, and by significant reversal of the beha-
vioral response with the active control, in this case, morphine 
(purity: USP grade; Hospira, Lake Forest, IL, USA).

Study size was determined using substantial data generated 
in previous studies and the Massachusetts General Hospital 
on-line power calculator as before. In order to detect a thresh-
old difference of 30 units (%WBS) with a power of 90% 
(SD=19), 10 animals per group were required. Given the 
historic failure rate in this model of 30%, 65 rats were 
requested (n=10/group with 5 treatment groups, plus 15 addi-
tional animals). With 10 animals in the vehicle group com-
pleted, the model failed to meet the second criteria (significant 
reversal with morphine) at any time point. A revised study size 
calculation using the interim data suggested that detecting a 
threshold difference of 11.5 units (%WBS) with the power of 
90% (using SD=9), with a 30% failure rate, would require 14 
animals per group. The IACUC amendment was approved 
allowing 3 groups to continue: vehicle, active control (mor-
phine) and CAV1001 (high dose; 10 mg/kg). The CAV1001 1 
mg/kg and 5 mg/kg groups, being underpowered (n=8 per 
group), were excluded from analysis (Table 4). Statistical 
analyses were conducted using Prism 8.42 for Mac 
(Graphpad, San Diego, CA, USA). The level of significance 
was set at α = 0.05. The development of the pain model was 
assessed by t-test. Internal validation with active control and 
the effect of CAV1001 assessed using one-way ANOVA with 
Dunnett’s test for multiple comparisons.

Results
Experiment 1: Formalin Testing
Four animals receiving CAV1001 mid-dose, one animal 
receiving ICI204448 mid-dose and one animal receiving 
vehicle exhibited an injury resulting in persistent or 
increased nociceptive behaviors after phase 1, without any 
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discernable interphase. All animals that did exhibit an inter-
phase were included in the linear regression curve genera-
tion. However, the failed model mid-dose (3 mg/kg) 
animals rendered those groupings underpowered and thus 
were excluded from further statistical analysis. Mid-dose 
grouping results, including those with failed model devel-
opment, are provided as supplemental data (Table S1). The 
results of the remaining groupings are provided in Figure 1.

Neither agent (CAV1001 or ICI204448) was effective in 
reducing the immediate (0–5 minutes) response to formalin 
injection (phase 1). Time spent in nociceptive behavior with 
CA1001 1 mg/kg (mean ± SEM: 18.88 ± 8.08 [n=8; range: 
0–57]; % inhibition compared to vehicle: 58.29 ± 17.86 [n=8; 
range: -26.0–100]) was similar to ICI204448 10 mg/kg (13.50 ± 
9.37 [n=8; range: 0–77]; % inhibition: 70.17 ± 20.70 [n=8; range: 
−70.2–100]) in phase 2 (cumulative: 20–35 minutes). CA1001 
10 mg/kg was significantly more effective, with 96.96 ± 1.56% 

inhibition [n=8; range: 89.0–100], than was ICI204448 10 mg/kg 
(phase 2 mean behavior time ± SEM; 1.38 ± 0.71 [n=8; range: 
0–5], p<0.01). Moreover, CA1001 10 mg/kg effectively pre-
vented the development of the phase 2 hyperalgesic response 
(nociceptive behavior during the 20–35 minute observation per-
iod for vehicle: 44.25 ± 18.93 [n=8; range: 1–146], p<0.003).

Dose–response curves for nocifensive behaviors and % 
MPE created using simple linear regression demonstrate 
similar slopes with CAV1001 being shifted leftward com-
pared to ICI204448 at each dose studied (Figure 2). For 
phase 2 pain behaviors the dose–response curve for 
CAV1001 described by y = −2.34x + 26.2 (R2 = 0.79) 
was nearly parallel to that seen for ICI204448, described 
by y = −2.72x + 42.3 (R2 = 0.80). For the %MPE a similar 
relationship was noted with the line for CAV1001, being 
described by y = −5.16x + 57.8 (R2 = 0.78), and the line 
for ICI204448 described by y = −6.03x + 93.6 (R2 = 0.80).

Table 4 Bone Cancer Study Design

Test System ID: Species: Breed: Sex Rat: Sprague-Dawley: Male

Treatment N Dose (mg/kg) Dose Vol. (mL/kg) Route Day of Admin./Frequency

Vehicle (Ethanol: Tween 80: Normal Saline – 1:1:8) 13 NA 5 IP Day 0/1x

CAV1001 8 1 5 IP Day 0/1x
CAV1001 8 5 5 IP Day 0/1x

CAV1001 13 10 5 IP Day 0/1x

morphine 13 6 2 SQ Day 0/1x

Abbreviations: IP, intraperitoneal; SQ, subcutaneous.

Figure 1 Formalin testing. 
Notes: *CAV1001 10mg/kg v. vehicle (30-35 min), p<0.03; Phase 2 comparisons (cumulative: 20-35 min): CAV1001 10mg/kg v. vehicle, p<0.003; ICI204448 10mg/kg v. 
vehicle, p<0.05; CAV1001 10mg/kg v. ICI204448 10mg/kg, p<0.01.
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Experiment 2: CFA-Induced Arthritis
Arthritis: Hyperalgesia Development
To verify the development of mechanical hyperalgesia due to 
CFA-induced rheumatoid arthritis pain, bilateral JCTs prior 
to CFA injection, and 14 days after CFA-injection at pre- 
dosing on Day 0 and at 1, 2, and 4-hours post-dosing. 
Ipsilateral JCTs were compared to contralateral JCTs using 
an unpaired t-test at each time point. Ipsilateral JCTs were 
significantly lower at all post-CFA time points (pre-dose BL, 
1-h and 4-h: p<0.0001; 2-h: p<0.0002; one-way ANOVA 
with Dunnett’s Multiple Comparison Test), indicating persis-
tent mechanical hyperalgesia due to CFA injection.

To verify the sensitivity of the assay to detect changes in 
mechanical hyperalgesia, JCTs of celecoxib-treated animals were 
compared to vehicle-treated animals at all post-CFA time points 
(repeated-measures, one-way ANOVA; Dunnett’s Multiple 
Comparison Test). The JCTs of the celecoxib-treated animals 
were significantly higher at 2 hours (mean ± SEM [95% CI]: 
celecoxib 335.1 ± 22.21 [284.9–385.3] n=10; range: 196–434; 
vehicle 210.5 ± 18.78 [168.0–253.0] n=10; range: 106–323; 
p=0.0015) and 4 hours post-dose (celecoxib 329.5 ± 32.50 

[256.0–403.0] n=10; range: 137–500; vehicle 187.4 ± 12.85 
[158.3–216.5] n=10; range: 108–255; p=0.02) (Figure 3).

Efficacy of CAV1001 in CFA-induced Arthritis
Intraperitoneal administration of CAV1001 significantly 
reversed CFA-induced mechanical hyperalgesia. All three 
doses of CAV 1001 significantly reversed mechanical hyper-
algesia (one-way ANOVA with Dunnett’s Multiple 
Comparison Test) at the 2-hour (JCT mean ± SEM [95% 
CI]: vehicle 210.5 ± 18.78 [168.0–253.0] n=10; range: 
106–323; CAV1001 1 mg/kg 347.1 ± 28.74 [282.1–412.1] 
n=10; range: 177–455, p=0.001; CAV1001 5 mg/kg 325.8 ± 
19.62 [281.4–370.2] n=10; range: 200–412, p<0.006; 
CAV1001 10 mg/kg 370.2 ± 28.89 [304.9–435.5] n=10; 
range: 262–500, p=0.0001) and 4-hour time points (vehicle 
187.4 ± 12.85 [158.3–216.5] n=10; range: 108–255; CAV1001 
1 mg/kg 318.0 ± 30.82 [248.3–387.7] n=10; range: 151–500, 
p<0.003; CAV1001 5 mg/kg 306.7 ± 22.04 [256.8–356.6] 
n=10; range: 213–434, p<0.007; CAV1001 10mg/kg 380.4 ± 
32.84 [306.1–454.7] n=10; range: 133–500, <0.0001) while 
the 10 mg/kg dose also significantly reversed mechanical 
hyperalgesia at the 1-hour time point (mean ± SEM [95% 
CI]: vehicle 204.5 ± 20.00 [159.3–249.7] n=10; range: 
105–329; CAV1001 10 mg/kg 399.1 ± 36.60 [316.3–481.9] 
n=10; range: 224–500, p=0.0002) (Figure 3).

Experiment 3: SNL Results
Neuropathic Pain: Model Development
As in experiment 2, in order to verify the development of 
mechanical hyperalgesia due to SNL surgery, ipsilateral and 
contralateral PCTs were assessed prior to surgery, post-SNL 
surgery prior to dosing (Day 0), and at 1, 2, and 4-hour post- 
dosing on Day 0. Ipsilateral PCTs were compared to contral-
ateral PCTs using an unpaired t-test at each time point. 
Ipsilateral PCTs were significantly lower at all post-SNL 
time points in vehicle-treated animals (pre-dosing BL and 
2-h: p<0.001; 1-h and 4-h: p<0.0001, one-way ANOVA), 
confirming the development of persistent mechanical hyper-
algesia due to SNL surgery.

In order to further verify the model, 15 days after SNL 
surgery, on Day 0, mechanical hyperalgesia (PCTs) in ani-
mals receiving the positive control, gabapentin, were com-
pared to vehicle controls (one-way ANOVA, Dunnett’s 
Multiple Comparison Test). Gabapentin significantly 
reversed SNL-induced mechanical hyperalgesia at 1 hour 
(mean ± SEM [95% CI]: gabapentin 140.5 ± 21.26 [92.41– 
188.6] n=10; range: 65–250; vehicle 72.00 ± 3.815 [63.37– 
80.63] n=10; range: 50–90, p<0.03), at 2 hours (gabapentin Figure 2 Dose-response: CAV1001 versus ICI204448.
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137.5 ± 17.08 [98.86–176.1] n=10; range: 75–250; vehicle 
78.50 ± 5.92 [65.11–91.89] n=10; range: 55–120, p<0.02) 
and at 4 hours (gabapentin 122.5 ± 16.01 [86.29–158.7] 
n=10; range: 65–250; vehicle 68.50 ± 3.88 [59.73–77.27] 
n=10; range: 50–85, p<0.034) (Figure 4).

Efficacy of CAV1001 in SNL-Induced Mechanical 
Hyperalgesia
CAV1001 at the 1 mg/kg dose did not significantly 
reverse mechanical hyperalgesia at any of the time 
points tested. Significant reversal of mechanical hyper-
algesia was observed at the 2-hour time point for 
CAV1001 5 mg/kg (mean ± SEM [95% CI]: 144.5 ± 
21.23 [96.47–192.5] n=10; range: 65–250, versus vehi-
cle 78.50 ± 5.92 [65.11–91.89] n=10; range: 55–120) 
and for CAV1001 10 mg/kg (141.5 ± 24.35 [86.42– 
196.6] n=10; range: 70–250, p<0.035, one-way 
ANOVA with Dunnett’s Multiple Comparison Test). 
Significant reversal of mechanical hyperalgesia was 
also observed at the 4-hour time point for CAV1001 5 
mg/kg (mean ± SEM [95% CI]: 161.5 ± 17.27 [122.4– 
200.6] n=10; range: 85–250, versus vehicle 68.50 ± 3.88 
[59.73–77.27] n=10; range: 50–85) and for CAV1001 10 
mg/kg (165.0 ± 23.71 [111.4–218.6] n=10; range: 
85–250, p=0.0003, one-way ANOVA with Dunnett’s 
Multiple Comparison Test) (Figure 4).

Experiment 4: Bone Cancer Results
Bone Cancer Pain: Model Development
In order to verify the development of weight bearing 
incapacitance in this model, ipsilateral and contralateral 
%WBS were assessed prior to surgery, MMRT-1 implan-
tation prior to dosing (Day 0), and at 1, 2, and 4-hour post- 
dosing on Day 0. Weight bearing asymmetry, as assessed 
by %WBS, was confirmed in the vehicle group by com-
paring pre-implantation BL to pre-injection BL (p<0.001; 
unpaired, two-tailed t-test). Mean hind limb weight bear-
ing scores pre-dosing Day 0 (BL) were significantly lower 
than pre-implantation only at the 1-hour time point (mean 
± SEM: 24.12 ± 2.849 n=13; range: 7.76–38.28, versus 
50.31 ± 1.064 n=13; range: 9.17–66.48) in vehicle-treated 
animals (p<0.02). Consequently, the model, as defined a 
priori, failed to develop. The results from the underpow-
ered groupings (CAV1001 1 mg/kg and CAV1001 5 mg/ 
kg) are provided in the supplemental data (Table S2) but 
were otherwise excluded from further analysis.

CAV1001 Compared to Morphine
On study Day 0%WBS were assessed at BL (prior to 
dosing) and 1, 2, and 4-hour post-dosing with morphine 
(6mg/kg SQ) and CAV1001 (10mg/kg IP). Morphine 
administration significantly increased mean weight bear-
ing scores at 1 hour (mean ± SEM: 46.52 ± 3.38, n=13; 
range: 24.75–62.02; p<0.001) and at 2 hours (39.56 ± 

Figure 3 Efficacy of CAV1001 in CFA-induced JCT reduction. 
Notes: +: p<0.02; ++: p<0.002; *: p<0.01; **: p<0.001; ***: p<0.0002 (one-way ANOVA).
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3.84, n=13; range: 15.27–61.64; p<0.006) compared to 
the pre-dosing BL (22.26 ± 3.24 n=13; range: 1.64– 
39.95; one-way ANOVA with Dunnett’s Multiple 
Comparison Test) (Figure 5).

CAV1001 at the 10 mg/kg dose did not significantly 
reverse weight bearing discrepancy at the 1-hour or 2-hour 
time points compared to BL. CAV1001 10 mg/kg did 
significantly impact %WBS at 4 hours compared to pre- 
dosing BL (mean ± SEM: 34.43 ± 3.58 n=13; range: 7.61– 
55.54; BL 24.49 ± 3.34 n=13; range: 3.38–37.65, p<0.003, 
one-way ANOVA with Dunnett’s Multiple Comparison 
Test) (Figure 5).

Discussion
The development of an efficacious alternative to mu- 
opioid agonists is a timely scientific challenge.27,28 The 
lack of clinically available alternatives to opioids contri-
butes to the public health crisis known as the opioid 
epidemic. However, the inherent differences in mechanism 
associated with the different chronic pain conditions for 
which highly efficacious treatments are needed suggest 
that no single treatment will likely be suitable for all 
indications.

Despite the disparate mechanisms associated with 
chronic pain, a number of clinically important pain condi-
tions are known to be associated with significant involve-
ment of the inflammatory response.2 The relative 
contribution of this inflammatory response in the 

generation and perpetuation of the resultant pain condi-
tions is variable, but the inflammatory response to tissue 
injury generally includes the elaboration of cytokines and 
substances that sensitize peripheral nociceptors, including 
bradykinin.29 Bradykinin is a mediator of peripheral sen-
sitization in acute and subacute inflammatory pain states 
and the initiation of hyperalgesia as seen in postoperative 
pain, posttraumatic pain including burn pain.30

CAV1001 reduced hyperalgesia, as evidenced by both 
spontaneous and evoked pain behaviors in rodents, in 
several different pain models associated with differing 
degrees of inflammation. The hypothesis that the intensity 
of analgesia might relate to the degree of inflammation in 
the underlying pain state was consistent with the findings 
that the lowest doses tested were effective in the models 
having the highest degree of inflammatory response. 
Preclinical evidence previously mentioned suggests the 
potential for peripherally mediated kappa-opioid effects 
to be enhanced through activation of the delta-opioid 
receptors by the inflammatory mediator, bradykinin, pos-
sibly due to the presence of delta/kappa-opioid heterodi-
mers in peripheral sensory neurons.18,24 Consequently, 
absent inflammation, the peripheral delta-opioid effects 
would be less significant, rendering a dual-acting kappa/ 
delta agonist agent effectively a kappa-opioid agonist.

The second phase of the formalin test was used to 
compare the effect of a peripherally restricted kappa- 
opioid agonist, ICI204448, on an equimolar basis to the 

Figure 4 Efficacy of CAV1001 in SNL-induced mechanical hyperalgesia. 
Notes: +: p<0.05; *; p<0.05; ***: p<0.0003 (one-way ANOVA).
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dual-acting kappa/delta-opioid agonist, CAV1001, in redu-
cing the hyperalgesia resulting from this intensely inflam-
matory stimulus.31 While the peripherally restricted kappa 
agonist, at high dose, did significantly reduce the hyper-
algesic response, the dual-acting delta/kappa agent pro-
duced similar efficacy at low dose, suggesting an order 
of magnitude difference in potency in this assay. At the 
higher dose, CAV1001 completely abolished the second 
phase of the formalin testing. This supports the concept 
that, in the presence of peripheral inflammation, the per-
ipheral effect of the dual-acting kappa/delta-opioid agonist 
is superior to action at the kappa-opioid receptors alone.

Both subacute and chronic pain states often involve the 
inflammatory response to varying degrees, resulting in 
peripheral sensitization and perpetuation of pain. The per-
ipheral sensitization of nociceptors due to neuroinflamma-
tory responses has been documented in preclinical studies 
and in a number of chronic pain states including radiculi-
tis, complex regional pain syndrome (CRPS), 

fibromyalgia, diabetic peripheral neuropathy, rheumatoid 
arthritis, and osteoarthritis.1,32 Accordingly, CAV1001 was 
subsequently tested in additional pain models having dif-
fering inflammatory components. Consistent with the 
hypothesis that increasing involvement with the inflamma-
tory response would lead to a greater effect of CAV1001, 
increasing effect would be predicted in a primarily inflam-
matory pain model of arthritis, as compared to a neuro-
pathic pain model where the inflammatory component is 
present but less pronounced.

The inflammatory arthritis model was effectively cre-
ated as evidenced by hyperalgesia induced in vehicle-trea-
ted animals comparing ipsilateral and contralateral effects 
before and after injury.33 The model was further effec-
tively confirmed using an active anti-inflammatory analge-
sic as a control, the cyclooxygenase-2 inhibitor, celecoxib. 
Testing various doses of CAV1001 in this model revealed 
a time and dose-dependent reduction in pain behavior. In 
CFA-induced inflammatory ankle arthritis, the lowest dose 

Figure 5 Effect of CAV1001 and morphine on pain induced weight bearing. 
Notes: Morphine compared to BL: +++: p<0.001, ++: p <0.006, +: p = not significant; CAV1001 compared to BL: *: p<0.003 (one-way ANOVA).
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tested (CAV1001 1 mg/kg IP) was as effective as the 
standard comparator (celecoxib 30 mg/kg PO) at 2 hours 
and 4 hours postdosing. Celecoxib did not produce sig-
nificant improvement at the 1-hour time point; however, at 
the highest dose tested (10 mg/kg) CAV1001 did signifi-
cantly reduce pain behaviors at the 1-hour time point, the 
earliest time tested.

The SNL model is a reliable, reproducible, and dur-
able for the induction of peripheral neuropathy in 
rodents. The model is also associated with an upregula-
tion in inflammatory mediators and downregulation in 
factors inhibiting inflammation.34,35 While the neuroim-
mune response in peripheral tissues associated with 
neuropathic pain involves inflammatory mediators and 
glial cells, the pain relief provided by delta-opioid ago-
nists in neuropathic pain is not entirely dependent upon 
action at the glial cells.36,37 Neuropathic pain is also 
associated with a phenotypic shift away from mu-opioid 
dominated pain pathways to noradrenergic pathways.38 

Alpha-2 noradrenergic agonists have been successfully 
used clinically as co-analgesics in neuropathic pain 
states.39 Gabapentin is an inhibitor of the α2-δ2 subunit 
of the voltage-gated calcium channel. It has been shown 
to activate descending noradrenergic pathways and thus 
reduce hyperalgesia in rodents following peripheral 
nerve injury.40 In the third experiment presented, SNL 
was effectively created, as evidenced by hyperalgesia 
induced in vehicle-treated animals comparing ipsilateral 
and contralateral effects before and after injury. The 
model was confirmed using gabapentin as the active 
control. As with the previous experiment, testing various 
doses of CAV1001 revealed a time and dose-dependent 
reduction in pain behavior. In the SNL model, the low-
est dose tested (CAV1001 1 mg/kg IP) was less effective 
than the standard comparator (gabapentin 100 mg/kg IP) 
at the 1-hour time point. However, moderate (5mg/kg 
IP) and high (10 mg/kg IP) dose were as effective as the 
active control at 2 hours and continued to increase in 
efficacy at 4 hours postdosing.

The elaboration of peripheral nerve sensitizing sub-
stances seen in bone cancer, including bradykinin, suggests 
the possibility of peripheral delta-opioid receptor agonism as 
an approach to improve treatment effectiveness in this recal-
citrant pain state.41 In this study, both the severity of pain and 
the relative resistance to mu-opioids may have contributed to 
the difficulties in the development of the cancer pain model 
as defined (ie morphine reversal). Moreover, the rodent 

model not only faces the challenges in the ability of morphine 
to validate the model, but the induction of the model itself is 
also associated with a high failure rate. In this study, diffi-
culties in inducing the model led to an increase in study size. 
Even after amendment, the study was apparently still under-
powered. The model only met the dual criteria defined a 
priori for the significant discrepancy in weight bearing and 
its reversal by active comparator, morphine, at the 1-hour 
time point. However, comparisons to baseline showed 
improvement in weight bearing following morphine at 1 
and 2 hours with the waning of effect at 4 hours. In contrast, 
CAV1001 at 10 mg/kg (high dose) demonstrated an increas-
ing effect over time with significant effect compared to base-
line at 4 hours. In this single-dose study, it is difficult to 
distinguish between a pharmacodynamic effect, perhaps due 
to relatively less inflammation compared to the other pain 
models studied, and a pharmacokinetic effect, where the peak 
effect of CAV1001 at the peripheral target after a single 
initial dose may occur at or after 4 hours. Multiple-dose 
longer-term studies are planned.

Limitations of the current studies include the short- 
term, single dosing designs. Additional multiple dosing 
studies are planned given the subacute and chronic indica-
tions suggested by the mechanism of action. Longer term 
studies, as well as studies examining other difficult to treat 
pain syndromes having significant inflammatory compo-
nents, are also planned.

A number of other recalcitrant chronic pain states 
evoke an inflammatory response. They include several 
common chronic visceral pain states, such as those aris-
ing from inflammatory bowel disease, interstitial cystitis 
and pancreatitis, which may be amenable to peripheral 
kappa/delta agonists. Kappa-opioid agonists have pre-
viously been reported to be useful in various preclinical 
and clinical visceral pain models.23,42–46 Similarly, per-
ipheral burn injury is associated with a dramatic inflam-
matory component.47 Finally, although clinically the 
chronic widespread pain in fibromyalgia is related to a 
generalized increase in sensitivity to painful stimuli, and 
not considered to be primarily inflammatory, the condi-
tion may be in part a response to chronic low-grade 
inflammation, making it amenable to analgesics that 
take advantage of this persistent inflammatory response.48 

Specifically, as a consequence of this chronic inflamma-
tion, delta-opioid receptor up-regulation has been 
reported in fibromyalgia making a dual-acting kappa/ 
delta-opioid agonist potentially useful.49
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