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Abstract

Objective: This study aimed to examine the temporal activation of NF-κB and its relationship to 

the development of pain-related sensitivity and behavioral changes in a non-invasive murine knee 

loading model of PTOA.

Method: Following knee injury NF-κB activity was assessed longitudinally via in vivo imaging 

in FVB.Cg-Tg(HIV-EGFP,luc)8Tsb/J mice. Measures of pain-related sensitivity and behavior were 

also assessed longitudinally for 16 weeks. Additionally, we antagonized NF-κB signaling via 

intra-articular delivery of an IκB kinase 2 antagonist to understand how local NF-κB inhibition 

might alter disease progression.

Results: Following joint injury NF-κB signaling within the knee joint was transiently increased 

and peaked on day 3 with an estimated 1.35 p/s/cm2/sr (95% CI 0.913,1.792 p/s/cm2/sr) fold 

increase in signaling when compared to control joints. Injury also resulted in the long-term 

development of hindpaw allodynia. Hyperalgesia withdrawal thresholds were reduced at injured 

knee joints, with the largest reduction occurring 2 days following injury (estimate of between 
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group difference 129.1 g with 95% CI 60.9,197.4 g), static weight bearing on injured limbs was 

also reduced. Local delivery of an NF-κB inhibitor following joint injury reduced chondrocyte 

death and also influenced the development of pain-related sensitivity but did not reduce long-term 

cartilage degeneration.

Conclusion: These findings underscore the development of behavioral changes in this non-

invasive loading model of PTOA and their relationships to NF-κB activation and pathology. They 

also highlight the potential chondroprotective effects of NF-κB inhibition shortly following joint 

injury despite limitations in preventing the long-term development of joint degeneration in this 

model of PTOA.
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INTRODUCTION

Osteoarthritis (OA) is one of the leading causes of disability in the United States. It is 

estimated that 1 in 3 individuals ages 18–64 have arthritis, and roughly 12% of all patients 

seeking treatment for symptomatic OA have had prior joint trauma1. Following traumatic 

joint injury roughly half of affected individuals will go on to develop post-traumatic 

osteoarthritis (PTOA) within 10–20 years2,3. Pathology following traumatic joint injury are 

varied but may include altered joint mechanics, inflammation, cell death, and alteration in 

matrix properties4. While the development of symptomatic PTOA generally occurs over 

several years, levels of pro-inflammatory cytokines have been reported to peak within days 

following joint injury in humans5,6. Furthermore, these pro-inflammatory mediators may 

remain elevated months after injury and are thought to cause permanent degenerative 

changes to the joint7,8. Monitoring of these acute changes and early intervention following 

joint injury may be helpful in slowing PTOA development.

Recently developed non-invasive tibial compression models of PTOA accurately capture 

some features of traumatic joint injury which lead to PTOA in humans8. Following injurious 

tibial compression, knee joints exhibit increased anterior-posterior joint laxity9. Synovial 

inflammation occurs within 3–5 days post-injury and is sustained for 8 weeks10,11. These 

models have recapitulated other hallmarks of PTOA such as an increased presence of matrix 

and bone remodeling markers and osteophyte formation following joint injury12. 

Furthermore, intra-cellular activation of NF-κB in cartilage and synovium has been reported 

12 h post mechanical injury13. NF-κB activation is known to play a crucial role in the early 

development of PTOA and regulates a number of genes involved in inflammation and matrix 

remodeling14,15.

Increased NF-κB activity has been implicated in the development of pain following 

peripheral injury and recent data suggest NF-κB may be directly responsible for 

sensitization in some pain-related ion channels16–18. Our group has shown a correlation 

between NF-κB activation and pain-related sensitivity and behavioral change in a murine 

model of inflammatory arthritis19. Thus, early pharmacological inhibition of NF-κB can be 

a potential target for OA treatment. Various pre-clinical studies have shown protective 
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effects of selective IκB kinase 2 (IKK-2) inhibitors, highlighting their potential as disease-

modifying OA drugs20,21. Despite this, off-target effects upon systemic delivery have limited 

their translation beyond pre-clinical studies22,23. However, given the focal nature of diseases 

such as PTOA, local drug administration via intra-articular injection has the potential to 

enhance drug bioavailability in the injured joint which enables reduced total drug doses and 

limits the potential for off-target systemic effects.

In this study, we longitudinally tracked NF-κB activation in vivo and investigated multiple 

pain-related sensitivity and behavioral changes in a non-invasive mechanical loading model 

of PTOA. We further investigated the disease-modifying potential and biodistribution of 

intra-articularly injected PHA-408, a highly specific small molecule inhibitor of IKK-2 

following a non-invasive mechanical joint injury. Our goal was to longitudinally examine the 

relationships between the development of pain-related sensitivity and changes in animal 

behavior, NF-κB activation in vivo, and the effect of a selective small molecule IKK-2 

inhibitor delivered locally to the joint in a non-invasive model of PTOA.

METHODS

Animal Model

All procedures were performed with approval of the Washington University Institutional 

Animal Care and Use Committee. Transgenic FVB.Cg-Tg(HIV-EGFP,luc)8Tsb/J mice (Fig. 

1A) (The Jackson Laboratory, Bar Harbor, ME) were acquired (male, 9–12 weeks of age) 

and acclimated to testing equipment for 1 week. Mice were maintained on a 12-h light–dark 

cycle with access to food and water ad libitum. All behavioral assessments were performed 

by the same blinded investigators and at the same time on each behavioral testing day. Mice 

were randomly assigned to one of three cohorts. Animals in cohort 1 were randomly 

assigned to sham control (CTRL, n=5), joint injury (INJ, n=6), or joint injury plus treatment 

(INJ/Tx, n=5) groups. Group sizes within cohort 1 were chosen following a power analysis; 

previous variance data for NF-κB driven luminescence were used to determine that n=6 

animals/group would have at least 80% power to detect mean differences of (x ̅2−x̅1)/

σpooled=2 (mean difference of 2 in the size of pooled standard deviation) based on a two-

sided independent t-test at a significance level of 0.0519. This power analysis assumed an 

average effect of the outcomes over time. Therefore, the actual power to detect mean 

difference between groups will be greater using the longitudinal measures analyzed by the 

linear mixed effects model. To induce joint injury, right knees were loaded as previously 

described by Rai and colleagues10. Knee joints were subjected to 60 cycles of 12 N axial 

compressive load. This protocol reproducibly induced a sudden drop in the axial force 

recorded on the time-force curve and increased anterior-posterior joint laxity via a joint 

laxity test (Supplemental Methods) in a separate cadaveric test cohort (Fig. 1B–C)10,11,24. 

CTRL animals were placed within the test frame and their knees were subjected to 10 min of 

static axial compressive load at 0.5 N. Animals in the INJ/Tx group received two intra-

articular injections (30 G) of PHA-408 (3 μg/5 μl, sterile saline + 0.1% DMSO, Alchem 

Pharmtech Inc, Monmouth Junction, NJ), one immediately following injury and another 48 

h post-injury. Animals were returned to their home cage (≤5 mice/cage) and allowed to 
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freely ambulate upon recovery. Animals within cohort 1 were sacrificed 16 weeks following 

injury.

Two additional cohorts of mice underwent joint injury as described above. Mice in cohort 2 

received a single intra-articular injection of PHA-408 (3 μg) or vehicle (sterile saline + 0.1% 

DMSO) and were sacrificed 48 h post joint loading to study the immediate cellular effects of 

joint injury and PHA-408 on articular cartilage (n=4–6/group). Mice in cohort 3 received 

two intra-articular injections (t=0 and 48 h) of PHA-408, for the study of PHA-408 

biodistribution (n=2–5/timepoint, Supplemental Methods).

In Vivo Luminescence Imaging of NF-κB Activity

To assess local NF-κB activation following joint injury, in vivo bioluminescent imaging was 

performed. At each imaging timepoint (Fig. 1D) mice received an injection of D-luciferin 

(150 mg/kg i.p., Sigma-Aldrich, St Louis, MO) and whole-body luminescent images were 

acquired with an in vivo imaging system (10 sec exposure, IVIS 50, PerkinElmer, Waltham, 

MA). NF-κB-driven luminescence was quantified in both ipsilateral and contralateral knees 

within an 8×10 mm elliptical region of interest (ROI) that was placed around the knee joint.

Pain-related Hindpaw Sensitivity

Mechanical allodynia was evaluated in both the ipsilateral and contralateral hindpaws using 

von Frey filaments. Filaments ranging from 0.02–2.0 g (starting filament, 0.4 g) were 

applied to the plantar region of a stationary, non-rearing, animal using the Chaplan “up-

down” method25.

Pain-related Hyperalgesia

The threshold for contact hyperalgesia was tested at the knee joint using a small animal 

algometer (SMALGO, Bioseb, Vitrolles, FRA)26. Mice were scruffed and the hindlimb was 

held with the knee at a ~30° flexion angle. The tip of the SMALGO force transducer was 

applied to the lateral aspect of the knee at ~30 g/sec until the animal showed an escape 

response (flinch, head jerk, and/or squeak, to a maximum of 400 g). Three independent 

measurements were obtained and averaged for each hindlimb on each mouse on all 

behavioral testing days.

Static Weight Bearing

Mouse hind limb static weight bearing was measured using an incapacitance meter (BIO-

SWB-TOUCH-M, Bioseb)19. Independent force measurements from both hindpaws were 

collected over a 3 sec interval; three independent measurements were obtained and averaged 

for each mouse on all behavioral testing days.

Spontaneous Activity

Freely selected activity was assessed by tracking mouse movement within a custom arena 

(40 cm x 40 cm x 40 cm)27–29. Movement within a 30 min recording period was analyzed 

(EthoVision, Noldus, Wageningen, NLD) to determine the change in distance traveled from 

data acquired at baseline.
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In Situ Live-Dead Cellular Imaging

To determine the immediate effects of PHA-408 on chondrocyte cell viability, intact femurs 

from animals in cohort 2 were harvested 48 h following joint injury. Naive (n=4), INJ/Veh 

(n=6), and INJ/Tx (n=5) femurs were stained with Hoechst 33342 (10 μM, ThermoFisher, 

Waltham, MA), Calcein-AM (5 μM, Invitrogen, Carlsbad, CA), and Propidium Iodide (5 

μM, ThermoFisher) for 1 h30. Following staining, intact femurs were imaged (FV1200, 

Olympus, Tokyo, JPN). Z-stacks (100 μM thickness) were acquired of each femoral condyle. 

Total cell number (Hoechst+) and membrane permeable cell number (PI+) were determined 

via an automated thresholding-based ImageJ script.

Histology

Mice were euthanized at the terminal timepoint (113 days) and ipsilateral knees collected for 

histology. All knees were fixed, decalcified, and cryoembedded. Serial coronal sections (8 

μm) of ipsilateral knees from all groups were acquired, and two sections representing the 

most severe evidence of arthritic changes were chosen for staining with H&E, Safranin O, 

and fast green (n=4 knees/group were randomly selected). Stained sections were graded to 

consensus by two blinded graders using the Osteoarthritis Histopathology Assessment 

System (OARSI)31. Scores were obtained for the medial and lateral femoral condyle (MFC/

LFC), and medial and lateral tibial plateau (MTP/LTP). Due to sectioning artifacts the LTP 

within a single INJ/Tx animal could not be scored.

Statistical Analysis

For longitudinal measures, a linear mixed model was used to test for differences of measured 

outcomes between CTRL and INJ as well as INJ and INJ/Tx groups over time considering 

group by time interaction. In vivo imaging data were log transformed (base 10) for statistical 

analysis to better meet the normality assumption. The linear mixed model was also 

performed to test for differences of cartilage OARSI scores between CTRL and INJ as well 

as INJ and INJ/Tx groups across different joint regions considering group by joint region 

interaction. Contrasts were used to test for mean difference between CTRL and INJ as well 

as INJ and INJ/Tx groups at different times and joint regions in longitudinal measures and 

OARSI scores, respectively. Relationships between NF-κB luminescence and allodynia in 

these cohorts were tested via Pearson correlation (Supplemental Methods). A repeated 

measures two-way ANOVA with Bonferroni adjustment for post-hoc comparisons was used 

to compare cell viability of mice from cohort 2. All statistical analyses were two-sided and 

significance was set at p < 0.05.

RESULTS

Joint Injury Leads to Increased NF-κB-Driven Luminescence

A transient increase in NF-κB-driven luminescence was observed in INJ ipsilateral limbs 

when compared to CTRL mice on days 1 (estimate of between group, log base 10 

transformed, difference −0.639 p/s/cm2/sr with 95% CI −1.078,−0.200 p/s/cm2/sr), 3 

(estimate of between group difference −1.353 p/s/cm2/sr with 95% CI −1.792,−0.914 

p/s/cm2/sr), and 7 (estimate of between group difference −0.477 p/s/cm2/sr with 95% CI 
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−0.916,−0.038 p/s/cm2/sr) following joint injury (Fig. 2A–B). Within injured ipsilateral 

limbs, the luminescence intensity peaked within the knee ROI on day 3 and decreased 

thereafter. NF-κB-driven luminescence was also slightly elevated in INJ ipsilateral knees on 

day 70 (estimate of between group difference −0.672 p/s/cm2/sr with 95% CI −1.111,−0.233 

p/s/cm2/sr).

Joint Injury Alters Sensitivity to Mechanical Stimuli and Static Weight Bearing

Non-invasive joint injury induced changes to pain-related sensitivity. Increased hindpaw 

sensitivity to mechanical stimuli (allodynia) was observed on day 2 (estimate of between 

group difference 1.077 g with 95% CI 0.276,1.947 g), 8 (estimate of between group 

difference 1.315 g with 95% CI 0.446,2.185 g), 15 (estimate of between group difference 

1.249 g with 95% CI 0.380,2.119 g), 22 (estimate of between group difference 1.033 g with 

95% CI 0.163,1.902 g), 43 (estimate of between group difference 0.925 g with 95% CI 

0.055,1.794 g), 57 (estimate of between group difference 1.010 g with 95% CI 0.141,1.879 

g), 71 (estimate of between group difference 1.044 with 95% CI 0.174,1.913 g), 85 (estimate 

of between group difference 0.874 with 95% CI 0.004,1.743 g), and 99 (estimate of between 

group difference 0.943 g with 95% CI 0.073,1.812 g) following joint injury (Fig. 2C). 

Furthermore, increased NF-κB signaling in joints was associated with reduced withdrawal 

thresholds in the first week of the study (Fig. 2D).

Joint injury also led to hyperalgesia in the ipsilateral limbs of INJ group as measured by 

reduced hyperalgesia thresholds on days 2 (estimate of between group difference 129.1 g 

with 95% CI 60.89,197.4 g), 8 (estimate of between group difference 124.9 g with 95% CI 

56.69,193.2 g), 22 (estimate of between group difference 76.81 g with 95% CI 10.86,142.8 

g), 29 (estimate of between group difference 67.82 g with 95% CI 1.869,133.8 g), 43 

(estimate of between group difference 89.51 g with 95% CI 23.56,155.5 g), and 71 (estimate 

of between group difference 84.29 g with 95% CI 18.34,150.24 g) following joint injury as 

compared to animals in the CTRL group (Fig. 2E). There were no observed differences in 

measured hyperalgesia thresholds for contralateral limbs between mice in the CTRL and INJ 

groups.

Following joint injury, animals in the INJ group exhibited reduced weight bearing on their 

ipsilateral limbs on days 2 (estimate of between group difference 12.96 % with 95% CI 

10.10,15.81 %) and 8 (estimate of between group difference 11.76 % with 95% CI 

8.899,14.61 %) (Fig. 2F).

Despite these differences in pain-related sensitivity, no significant alterations were observed 

in freely selected activity following joint injury (Fig. 2G,H).

Intra-articular Injection of PHA-408 Exhibits Chondroprotective Effects on Articular 
Cartilage and Shows Some Disease Modifying Potential to Longitudinal Measures 
Following Joint Injury

Local delivery of PHA-408 showed a short-term chondroprotective effect in the articular 

cartilage of the MFC following knee joint injury (Fig. 3A–C). The MFC of INJ/Tx joints 

had reduced cell death when compared to the MFC of INJ/Veh animals (estimate of between 

group difference −1155 PI+ cell number with 95% CI −1921,−389.4 PI+ cell number). 
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INJ/Tx joints showed elevated NF-κB-driven luminescence following joint injury when 

compared to those of the untreated INJ group on days 3 (estimate of between group, log base 

10 transformed, difference −0.536 p/s/cm2/sr with 95% CI −0.992,−0.080 p/s/cm2/sr), 7 

(estimate of between group difference −0.501 p/s/cm2/sr with 95% CI −0.957,−0.045 

p/s/cm2/sr), and 14 (estimate of between group difference −0.961 p/s/cm2/sr with 95% CI 

−1.417,−0.505 p/s/cm2/sr), however, at later timepoints NF-κB-driven luminescence was 

reduced within INJ/Tx joints when compared to INJ alone (day 56, estimate of between 

group difference 0.569 p/s/cm2/sr with 95% CI 0.113,1.025 p/s/cm2/sr; day 70, estimate of 

between group difference 0.559 p/s/cm2/sr with 95% CI 0.103,1.015 p/s/cm2/sr) (Fig. 3D). 

Animals in the INJ and INJ/Tx groups exhibited similar acute trends in the development of 

allodynia, however, animals in the INJ/Tx group had increased withdrawal threshold on days 

57 (estimate of between group difference −0.965 g with 95% CI −1.828,−0.102 g), 85 

(estimate of between group difference −0.893 g with 95% CI −1.756,−0.029 g), 99 (estimate 

of between group difference −1.165 g with 95% CI −2.028,−0.302 g), and 113 (estimate of 

between group difference −1.154 g with 95% CI −2.034,−0.275 g) following loading (Fig. 

3E). Animals in the INJ/Tx group exhibited a more rapid recovery of uniform hindlimb 

static weight bearing following joint injury as evidenced by increased weight bearing on 

their ipsilateral hindpaw on days 2 (estimate of between group difference −3.725 % with 

95% CI −6.698,−0.753 %) and 8 (estimate of between group difference −9.817 % with 95% 

CI −12.790,−6.845 %) when compared to INJ untreated animals (Fig. 3F). No differences 

were detected between INJ and INJ/Tx groups in distance traveled during open field 

assessments (Fig. 3G).

Following local delivery of PHA-408 to the knee joint (Fig. 4A), high levels of drug were 

detected within the injected knee joint for the first 72 h following intra-articular injection 

(Fig. 4B). Drug was not detected in knee joints one-week post injection. Drug levels above 

the lower detection limit persisted in contralateral uninjected limbs for 2 h following 

injection. Drug levels in major draining lymph nodes (Fig. 4C,D), serum (Fig. 4E), and urine 

(Fig. 4F) all exhibited a rapid reduction in drug concentration with time following intra-

articular injection.

Histological Analysis Revealed Lack of PHA-408 Effect on OARSI Score

Knee joints from animals of the INJ group showed evidence of severe articular degeneration 

in the medial compartment of the joint compared to knee joints from the CTRL group (Fig. 

1E); mean OARSI scores in MFC were 0.81 and 5.50 in CTRL and INJ joints respectively 

(estimate of between group difference −4.688 with 95% CI −5.915,−3.460), mean scores 

within the MTP were 1.00 in CTRL and 5.50 in INJ joints (estimate of between group 

difference −4.438 with 95% CI −5.665,−3.210) (Fig. 1F). In several cases, complete loss of 

cartilage on the MFC and MTP was observed at the terminal timepoint. The LFC and LTP of 

animals in the INJ group had mean OARSI grades of 2.63 and 1.81 respectively compared to 

mean scores of 0.54 and 0.81 in CTRL joints (estimate of between group difference in the 

LFC −2.125 with 95% CI −3.352,−0.8979). OARSI grades for articular cartilage from INJ 

and INJ/Tx groups showed similar levels of degeneration (Sup. Fig. 1).
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DISCUSSION

In this work, we showed non-invasive joint injury led to unilateral disability that is 

consistent with changes in pain-related sensitivity and behavior seen in humans following 

acute traumatic joint injury4. Additionally, we investigated the therapeutic potential and 

residence time for a locally delivered IKK-2 inhibitor. While NF-κB was transiently elevated 

in the joint, giving evidence of inflammation post-injury, it rapidly returned to control levels. 

This transient elevation was associated with the onset of pain-related sensitivity, altered 

weight bearing, and cartilage degeneration. While intra-articular injection of PHA-408 

exhibited a chondroprotective effect with increased cell viability following joint loading as 

well as some disease modifying effects to longitudinally assessed outcomes, it did not 

influence long-term degenerative changes to articular cartilage.

We and others have previously shown injection models of inflammatory arthritis result in 

transient changes to peripheral sensitivity following joint injury. Similarly, surgical 

destabilization models of PTOA consistently result in hindpaw allodynia when compared to 

sham operated animals; however, the onset, presentation, and duration of hindpaw allodynia 

is varied and different from that observed in this non-invasive PTOA model29,32,33. Recent 

work by Heegde and colleagues corroborates the findings of the current study and shows that 

mechanically-induced joint injury is associated with both acute onset and maintenance of 

hindpaw allodynia34. In this work, no alterations to thermal sensitivity at the hindpaw were 

observed following non-invasive knee joint injury (Sup. Fig 2); this is in contrast to the 

transient heat sensitivity observed by Temp and colleagues following medial meniscal 

transection surgery29. Additional studies are needed to shed light on the involvement of 

functional signaling changes in the innervating structures of the injured knee joint in order to 

interpret this observed sensitivity, as has been demonstrated to occur in the dorsal root 

ganglia following surgical destabilization of the meniscus and in the generation of 

inflammatory arthritis35,36.

Changes in non-evoked behaviors, such as weight bearing imbalance in stance, were 

observed shortly after joint injury in this study. However, only a modest reduction in freely 

selected ambulation was observed within the same acute post-injury period. Prior studies of 

mechanical and surgical joint injury models have reported similar trends in ambulatory 

behavior at early timepoints32,37,38. Our findings point to a consistent change in behavior 

under conditions that minimize animal fatigue and external stresses, such as is observed with 

prompted behaviors of gait or hyperalgesia. Mice are widely believed to compensate for 

experienced pain during periods of prompted stimulation such that activity changes 

associated with freely selected behaviors may be of particular value to understanding joint 

pathology. Future studies might benefit from assessments that allow for quantification of 

freely selected behaviors including animal rearing and place preference39. With this in mind, 

a careful understanding and pairing of complementary behavioral tests that assess different 

aspects of pain-related sensitivity in disease are important for accurate and consistent 

characterization of symptomatic profiles in animal models of PTOA.

The use of in vivo bioluminescent imaging allowed for the longitudinal tracking and 

quantification of activation of the NF-κB pathway in the knee joint. Our group has 
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previously shown increased but transient, joint specific, NF-κB activation following intra-

articular injection of mono-iodoacetate to induce inflammatory arthritis, while other models 

have led to prolonged elevation of NF-κB activation19. In particular, NF-κB-driven 

luminescence has been reported to remain elevated beyond 6 weeks following surgically 

induced destabilization of the medial meniscus in a similar reporter mouse line40. This 

suggests the systemic effects of surgery, with consequences for prolonged elevation of 

inflammatory mediators, may elicit sustained alterations in joint inflammation and 

associated pain-related sensitivity and behavioral changes.

A goal of the current study was to evaluate the effects of early and local administration of a 

small molecule inhibitor of IKK-2 on local NF-κB activation, pain-related sensitivity, 

behavior, and joint degeneration following joint injury. Based on NF-κB activation kinetics 

observed in the INJ group it was determined PHA-408 delivery in the first 72 h following 

injury, when NF-κB signaling in the joint peaked, may help to slow the progression of 

symptomatic PTOA. Intra-articular delivery of PHA-408 showed a transient 

chondroprotective effect in the articular cartilage of INJ/Tx knee joints 48 h following joint 

injury, as measured by increased cell viability compared to INJ/Veh control joints. Acute 

treatment with PHA-408 led to increased NF-κB-driven luminescence in INJ/Tx mice; 

although this result was somewhat surprising, similar pro-inflammatory effects have been 

previously reported following administration of small molecule NF-κB inhibitors such as 

bortezomib and BAY 11–708241. Prior studies have also shown chronic alterations to 

mechanical sensitivity as we observed here at later timepoints, and trends in improved joint 

function, following one-time dosing of the small molecule NF-κB inhibitors MG132 and 

SAR113945, respectively42,43. Future studies should seek to better understand how local 

delivery of these small molecule inflammatory antagonists may lead to these observed 

temporally distinct pleiotropic effects44.

Clearance and biodistribution data suggested clearance of freely administered PHA-408 

from the knee joint, as well as major draining lymph nodes of the knee and systemic 

circulation, occurs shortly after local delivery; this may explain the limited efficacy of 

PHA-408 in reducing long-term degeneration to articular cartilage following injury. Others 

have reported a modest protective effect of local NF-κB inhibition on both the histological 

development of PTOA and hyperalgesia following a less severe, non-instability inducing, 

mechanical joint injury13,45. For these reasons, future work should seek to increase the 

duration of drug presence within the joint following injury either via increased dosing 

frequency or with sustained release formulations46–49. Taken together, these results suggest 

NF-κB inhibition may remain a viable strategy for targeting PTOA but that intra-articular 

small molecule delivery remains limiting due to the rapid clearance kinetics of low 

molecular weight compounds from the joint.

In conclusion, the non-invasive model of PTOA described in this study may be valuable for 

understanding the early changes following acute traumatic joint injury and how they relate to 

pain-related sensitivity and behavioral changes without the confounding nature of a surgical 

incision. Further work to better dissect the temporal development and presentation of pain 

and sensitivity alterations in PTOA should be performed to help direct future treatment 

strategies that may prevent both the histological and painful progression of disease. 
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Additionally, better understanding the spatiotemporal biodistribution and clearance 

behaviors of drugs following intra-articular injection may prove valuable in guiding future 

engineered intra-articular delivery approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study design.
(A) Representative NF-κB response element of FVB.Cg-Tg(HIV-EGFP, luc)8Tsb/J mice. 

(B) Custom-made mount for in vivo loading to induce non-invasive joint injury and 

corresponding time versus force and displacement curves showing one cycle of compressive 

loading with characteristic one-time mid-cycle drop in the time versus force curve 

coinciding with ligament injury. (C) Injured joints have increased anterior-posterior joint 

laxity as measured by a joint laxity score (n=10/group). (D) Study timeline showing 

repeated imaging and behavioral assessments. (E and F) Representative histology shows full 

thickness articular defects in injured knee-joints 112 days following injury and significant 

osteoarthritic progression in the lateral and medial femoral condyle (LFC/MFC) as well as 

the medial tibial plateau (MTP), n=4/group, scale bar = 500 μm, *=p<0.05.
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Figure 2. Non-invasive joint injury alters NF-κB signaling, sensitivity to evoked mechanical 
stimuli, and static weight bearing.
(A and B) Increased luminescent signal was apparent in ipsilateral knees of the INJ group on 

days 1, 3, 7 and 70 following joint injury, with no changes in contralateral limbs. (C) Mice 

in the INJ group had persistent increased sensitivity in the hindpaw following injury. (D) 

Increased NF-κB signaling in joints was associated with reduced withdrawal thresholds in 

the first week of the study. (E) Mice in the INJ group also had a reduced threshold to 

noxious mechanical stimuli following joint injury. (F) Static weight bearing was altered up 

to one week following joint injury. (G) Mice in the INJ group exhibited a trend towards 
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reduced activity, illustrated by animal matched representative traces (H), 2 days post joint 

injury. CTRL n=5, INJ n=6, *=p<0.05.
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Figure 3. Intra-articular injection of PHA-408 exhibits short-term chondroprotective effects and 
shows some disease modifying potential to longitudinal measures following joint injury.
(A) Representative maximum intensity projected images of the mid-contact region of medial 

femoral condyles. (B) Joint injury did not lead to alterations in Hoechst+ cell number 48 h 

post joint injury. (C) In contrast, knee joint injury led to increased levels of PI+ cells, within 

the INJ/Veh (n=6) MFC when compared to naive joints (n=4), a single intra-articular 

injection of PHA-408 (3 μg, t=0 h) had potential to elicit a chondroprotective effect in the 

MFC of INJ/Tx (n=5) joints when compared to INJ/Veh treated joints (D) Mice in the 

INJ/Tx (n=5) group had increased NF-κB-driven luminescence shortly following joint 

injury, however, this was suppressed at later study timepoints when compared to INJ (n=6). 

(E) INJ/Tx mice showed a similar acute trend of a decreased withdrawal threshold following 

joint injury, however, later exhibited increased withdrawal thresholds when compared to INJ 

mice. (F) Drug treated mice showed a more rapid recovery of uniform static weight bearing 

between hindpaws following joint injury. (G) There were no differences between 

spontaneous activity in INJ and INJ/Tx groups. Scale bar = 100 μm, compass rose: 

L=lateral, A=anterior, M=medial, P=posterior. INJ data are replotted from Figure 2, 

*=p<0.05.

Berke et al. Page 17

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. PHA-408 clearance from the joint.
(A) Schematic of tissues isolated for analysis. Following intra-articular injection of 

PHA-408, drug was rapidly cleared from knee joint tissues (B) as well as inguinal (C) and 

lumbar (D) lymph nodes, serum (E), and urine (F) following repeated intra-articular 

injections at t=0 h and t=48 h, dashed lines represent the lower detection limit of PHA-408 

(n=2–5/timepoint).
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