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Abstract 58 

Background: Osteoarthritis (OA) is a debilitating joint disease characterized by cartilage 59 

degeneration, synovial inflammation, and bone remodeling, with limited therapeutic options 60 

targeting the underlying pathophysiology. Mechanosensitive ion channels Piezo1 and Piezo2 61 

play crucial roles in chondrocyte responses to mechanical stress, mediating 62 

mechanotransduction pathways that influence chondrocyte survival, matrix production, and 63 

inflammatory signaling, but their distinct contributions to OA pathogenesis remain unclear.  64 

Methods: Using inducible, chondrocyte-specific Aggrecan-Cre (Acan) mice, we investigated 65 

Piezo1, Piezo2, and combined Piezo1/2 conditional knockouts (cKOs) using the destabilization 66 

of the medial meniscus (DMM) model of post-traumatic OA in male and female mice. Pain and 67 

behavioral assessments were conducted at four time points to evaluate OA progression, while 68 

cartilage damage, bone remodeling, and synovial inflammation were assessed at the final 69 

endpoint of 28 weeks. Statistical analyses included one-way and two-way ANOVA with Tukey’s 70 

multiple comparisons test. 71 

Results: Piezo1 cKO delayed pain onset but ultimately exacerbated cartilage degradation and 72 

synovitis, emphasizing its dual role in protective and pathogenic mechanotransduction. While 73 

the Piezo2 cKO reduced pain and preserved activity, it failed to protect cartilage. Notably, 74 

Piezo1/2 cKO provided the greatest protection against cartilage degeneration, synovitis, and 75 

pain. Micro-computed tomography analyses revealed that Piezo2 is critical for maintaining 76 

trabecular bone integrity, with a Piezo2 cKO leading to decreased bone volume, thickness, and 77 

density, independent of injury. Piezo2 cKO also reduced normal meniscal ossification that 78 

occurs with age in mice. In contrast, a Piezo1/2 cKO normalized most bone remodeling 79 

parameters observed in Piezo2 cKO mice but did not restore medial tibial plateau thickness, 80 

highlighting Piezo2’s essential role in bone structure.  81 
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Conclusions: These findings demonstrate the overlapping and compensatory roles of Piezo1 82 

and Piezo2 in OA pathogenesis. Dual inhibition of Piezo1 and Piezo2 may offer a novel, 83 

effective therapeutic strategy targeting both structural and symptomatic aspects of the disease. 84 

 85 
  86 
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Introduction 87 

Osteoarthritis (OA) is a painful and debilitating disease of the synovial joints that affects 88 

over 500 million people worldwide.1 It is characterized by degenerative changes in the 89 

morphology, composition, and mechanical properties of articular cartilage, as well as 90 

inflammation of the synovial fluid and alterations in bone structure.2 Pain and reduced activity 91 

levels are also common characteristics of OA, further contributing to decreased quality of life.2,3 92 

Mechanical loading has a multi-faceted influence in joint health, as physiological loading is 93 

essential for maintaining cartilage homeostasis, while injurious or excessive loading – caused 94 

by joint instability, traumatic injury, or obesity – can disrupt cartilage integrity and accelerate OA 95 

progression.4-7 Understanding how mechanical forces are translated into biological signals 96 

within cartilage and surrounding tissues is essential for identifying the mechanobiological drivers 97 

of cartilage health, as well as OA, to allow for the development of targeted therapies to mitigate 98 

pain and tissue degeneration.  99 

 100 

Chondrocytes, the primary cell type in cartilage, maintain homeostasis by sensing 101 

mechanical loads and translating these signals into intracellular responses through 102 

mechanosensitive ion channels.8,9 Mechanically activated cation channels such as Piezo1 and 103 

Piezo2 play central roles in this process, with calcium ion (Ca²⁺) signaling acting as a critical 104 

messenger that regulates downstream pathways influencing chondrocyte function and 105 

viability.10,11 Under physiological loading, these processes support cartilage health;12 however, 106 

high mechanical loading activates Piezo channels, leading to chondrocyte injury and 107 

apoptosis.6,13-18 In vitro studies have shown that inhibiting Piezo channels can protect 108 

chondrocytes from mechanical injury, suggesting their therapeutic potential.11,14,19 Piezo1 is 109 

primarily involved in mechanically induced chondrocyte cell death, potentially contributing to 110 

long-term cartilage degeneration,16,18 while Piezo2 in nociceptors mediates mechanical 111 

sensitization and pain responses15,20,21. Notably, Piezo2 knockout reduces hyperalgesia and 112 
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allodynia, highlighting its role in pain modulation.13,22 The synergistic function of Piezo1 and 113 

Piezo2 confers high-strain mechanosensitivity to cartilage, making these channels critical 114 

targets for understanding the mechanobiological drivers of osteoarthritis and for developing 115 

novel therapeutic strategies to mitigate disease progression.18,19  116 

 117 

Despite significant advances, our understanding of the distinct contributions of Piezo1 118 

and Piezo2 to OA pathogenesis remains incomplete, contributing to the lack of disease-119 

modifying OA drugs.2,17 Prior in vivo studies have highlighted the complex roles of Piezo 120 

channels in OA. For example, a constitutive Gdf5-specific knockout of Piezo1 and Piezo2 121 

resulted in moderate to severe OA and failed to protect joint integrity following destabilization of 122 

the medial meniscus (DMM) surgery.23 Conversely, intra-articular injection of GsMTx4, a Piezo 123 

channel inhibitor, ameliorated OA progression in a rat model following an anterior cruciate 124 

ligament transection (ACLT).24 Additionally, a constitutive Col2a1-specific knockout of Piezo1, 125 

but not Piezo2, in chondrocytes significantly attenuated cartilage degradation and inflammation 126 

after ACLT.25 An inducible Acan-specific knockout of Piezo1 demonstrated protection from OA 127 

progression following DMM surgery, further supporting the potential therapeutic targeting of 128 

these channels.26 However, most studies have primarily focused on cartilage degradation, often 129 

neglecting the interconnected nature of physical joint damage — including synovitis, bone 130 

remodeling, and cartilage loss — and pain and behavioral outcomes. This limits our 131 

understanding of how the Piezo ion channels contribute to the broader pathophysiology of OA, 132 

impeding the development of holistic therapeutic strategies. To bridge this gap, further 133 

investigation is required to untangle the complex and sometimes contradictory roles of Piezo 134 

channels, enabling the design of targeted therapies that address both structural damage and 135 

symptomatic relief of OA. 136 

 137 
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The goal of this study was to address this knowledge gap by using an inducible, 138 

chondrocyte-specific, aggrecan-cre (Acan) driver to knock out Piezo1, Piezo2, or both channels 139 

simultaneously in a surgical model of post-traumatic OA. To comprehensively investigate the 140 

role of the Piezo ion channels in OA, we combine longitudinal assessments of pain and 141 

voluntary activity with histological evaluations of cartilage degeneration and joint inflammation, 142 

as well as structural analyses of subchondral bone changes. By examining both male and 143 

female mice, this study provides a multifaceted approach to understanding the contributions of 144 

Piezo1 and Piezo2 across different aspects of OA pathology. We hypothesized that cartilage-145 

specific deletion of Piezo1 and Piezo2 will attenuate the progression of joint degeneration and 146 

pain, offering valuable insights into the development of novel disease-modifying OA therapies.  147 

 148 

Results 149 

qPCR Validation of Piezo1 and Piezo2 Knockout 150 

To validate the efficiency of aggrecan-specific Piezo1 and Piezo2 knockout in cartilage, 151 

we conducted qPCR analysis of isolated hip cartilage from animals across the four genotypes: 152 

floxed control, Piezo1 conditional knockout (P1 cKO), Piezo2 conditional knockout (P2 cKO), 153 

and Piezo1/2 double conditional knockout (P1/2 cKO). For Piezo1 expression, we observed 154 

significant differences between groups (n = 6-10/group, P < 0.001) (Figure 1A). P1 cKO mice 155 

exhibited a marked reduction in Piezo1 expression compared to floxed controls (mean 156 

difference = 0.95, P < 0.001). Additionally, P1/2 cKO mice trended towards lower Piezo1 157 

expression relative to floxed controls (mean difference = 0.63, P = 0.065). In contrast, Piezo2 158 

cKO mice demonstrated elevated Piezo1 expression compared to Piezo1/2 cKO (mean 159 

difference = 3.6, P < 0.001), Piezo1 cKO (mean difference = 3.9, P < 0.001), and the floxed 160 

control group (mean difference = 2.9, P < 0.001) suggesting possible compensatory 161 

mechanisms. These results confirm that we successfully knocked out Piezo1 in both Piezo1 162 

cKO and Piezo1/2 cKO mice. For Piezo2 expression, we also identified significant changes 163 
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between groups (n = 6-10/group, P < 0.001) (Figure 1B). Piezo2 expression was reduced in 164 

Piezo2 cKO and Piezo1/2 cKO mice versus both the floxed control and Piezo1 cKO groups. 165 

Specifically, Piezo2 cKO mice had the lowest Piezo2 expression, significantly lower than the 166 

floxed control group (mean difference = 0.66, P < 0.001). Similarly, the Piezo1/2 cKO group also 167 

showed reduced expression compared to floxed controls (mean difference = 0.42, P < 0.001). 168 

Piezo1 cKO mice had comparable Piezo2 expression to floxed controls, indicating no impact on 169 

Piezo2 expression by Piezo1 deletion. RT-qPCR Cycle threshold values show the average 170 

expression of r18s (mean = 16.64), Piezo1 (mean = 22.94) and Piezo2 (mean = 28.02) in floxed 171 

control murine hip caps (Figure 1C). Overall, qPCR results validate the successful, specific 172 

knockouts of Piezo1 and Piezo2 in chondrocytes, confirming the efficiency of the genetic 173 

models used in this study. 174 

To investigate potential off-target effects of the aggrecan-Cre driver in non-cartilage 175 

tissues, we evaluated Piezo1 and Piezo2 expression in the brain and lungs by qPCR. We 176 

observed a significant decrease in Piezo2 expression in the lungs of Piezo2 cKO mice, and a 177 

significant increase in Piezo2 expression in the brains of Piezo1 cKO mice (Supplemental 178 

Figure 8A–D), indicating some Cre activity outside of cartilage. 179 

Validation of Piezo1 and Piezo2 Knockout in Aggrecan-Expressing Tissues 180 

We performed immunohistochemical staining using DAB (3,3’-diaminobenzidine) 181 

counterstain to assess PIEZO1 and PIEZO2 expression in aggrecan-expressing tissues, 182 

specifically targeting chondrocytes within the femoral condyle and tibial plateau (Figure 1D). In 183 

floxed control animals, chondrocytes within the femoral condyle and tibial plateau showed 184 

robust expression of both PIEZO1 and PIEZO2. In contrast, PIEZO1 staining was markedly 185 

reduced in Piezo1 cKO mice, while PIEZO2 expression remained comparable to controls. 186 

Similarly, Piezo2 cKO mice exhibited a significant reduction in PIEZO2 staining, with PIEZO1 187 

expression remaining intact. Chondrocytes from Piezo1/2 cKO mice displayed minimal to no 188 
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staining for both PIEZO1 and PIEZO2, indicating effective knockout of these ion channels in 189 

chondrocytes. Negative control sections, processed without primary antibody, showed no 190 

background signal, confirming the specificity of the staining. These findings validate the 191 

successful and targeted knockout of PIEZO1 and/or PIEZO2 in chondrocytes. 192 

To further examine whether PIEZO2 deletion could affect other cartilage-rich tissues 193 

involved in bone development, we assessed PIEZO2 expression in the femoral growth plates 194 

across all genotypes. As shown in Supplemental Figure 8E, PIEZO2 staining in the growth 195 

plate appeared comparable across floxed control, Piezo1 cKO, Piezo2 cKO, and Piezo1/2 cKO 196 

mice, with no notable reduction in expression.  197 

Functional Validation of Piezo Knockout in Chondrocytes 198 

We measured calcium signaling in response to Yoda1 treatment, a specific chemical 199 

activator of Piezo1, to confirm a functional knockout of the Piezo1 ion channels (n=8-200 

10/genotype). Piezo1 cKO mice showed significantly decreased calcium signaling versus floxed 201 

control mice (P < 0.004) and Piezo2 cKO mice (P < 0.005) (Figure 1E,F). Piezo1/2 cKO mice 202 

also displayed significantly lower calcium signaling compared to floxed control mice (P < 0.004) 203 

and Piezo2 cKO mice (P < 0.005). In contrast, calcium signaling did not differ between Piezo1 204 

and Piezo1/2 cKO mice (P < 0.998) or between floxed control and Piezo2 cKO mice (P < 0.970). 205 

The Piezo2 cKO group had a higher percent of responders, on average, than the floxed control 206 

group, potentially suggesting an increase in Piezo1 function following a Piezo2 cKO. Overall, 207 

these results confirm a functional knockout of Piezo1 in the Piezo1 cKO and Piezo1/2 cKO 208 

mice. 209 

Combined Piezo1 and Piezo2 Deletion Reduces OA Severity Following DMM Surgery 210 
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We evaluated Modified Mankin Scores in male mice 12 weeks after destabilization of the 211 

medial meniscus (DMM) surgery to the role of Piezo1 and Piezo2 on OA structural outcomes. In 212 

male mice, we observed a significant effect of surgery (P < 0.001), genotype (P = 0.010), and a 213 

significant interaction between genotype and surgery (P < 0.001) (n = 10-18/genotype). Modified 214 

Mankin scores were significantly higher in DMM limbs relative to contralateral control limbs 215 

across most genotypes, indicating an increase in cartilage damage after DMM surgery (Figure 216 

2A-B). Piezo1 cKO mice exhibited the highest Modified Mankin scores among all genotypes in 217 

the DMM limb (mean = 44 ± 4), exceeding their contralateral limb by a mean difference of 31 (P 218 

< 0.001), highlighting severe cartilage damage. Floxed control mice also demonstrated elevated 219 

scores in the DMM limbs (mean = 41 ± 2) compared to contralateral limbs (mean difference = 220 

22, P < 0.001), reflecting substantial cartilage degradation. P2 cKO mice had increased scores 221 

in the DMM limb (mean = 40 ± 3) with a mean difference of 17 versus contralateral limb (P = 222 

0.001), further confirming the significant impact of surgery on cartilage integrity. Piezo1/2 cKO 223 

mice showed an intermediate response, with DMM limb scores (mean = 30 ± 2) exceeding the 224 

contralateral limbs by a mean difference of 10 (P = 0.008), suggesting a partial protective effect 225 

against cartilage damage with a combined knockout of Piezo1 and Piezo2. Piezo1/2 cKO DMM 226 

limbs had significantly lower scores relative to floxed controls (mean difference = 11, P = 0.002), 227 

Piezo1 cKO (mean difference = 16, P < 0.001), and Piezo2 cKO (mean difference = 10, P = 228 

0.022) DMM limbs. In summary, the Piezo1 cKO genotype appeared most susceptible to 229 

cartilage damage after DMM surgery, while the Piezo1/2 cKO genotype exhibited a less 230 

pronounced increase in Modified Mankin scores, indicating protective effects of dual Piezo 231 

deletion in male mice. 232 

In female mice, we observed significant effects of surgery (P < 0.001), genotype (P = 233 

0.004), and their interaction (P < 0.001) (n = 8-17/genotype). Modified Mankin scores were 234 

significantly higher in DMM limbs compared to contralateral control limbs across in all genotypes 235 
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except for Piezo1/2 cKO (Figure 2C-D). Specifically, P2 cKO mice had the highest Modified 236 

Mankin scores among all genotypes (mean = 49 ± 4) with a mean difference of 32 compared to 237 

their contralateral limbs (P < 0.001). Piezo1/2 cKO mice DMM limb scores (mean = 39 ± 4) were 238 

significantly higher than their contralateral controls (mean difference = 21, P < 0.001), 239 

underscoring the impact of surgery on cartilage integrity. Floxed control mice similarly increased 240 

scores in the DMM limbs (mean = 42 ± 2) with a mean difference of 23 relative to contralateral 241 

limbs (P < 0.001). Piezo1/2 cKO mice showed a mild response to surgery, with DMM limb 242 

scores (mean = 28 ± 3) not differing significantly from contralateral limbs (mean difference = 7, 243 

P = 0.299), suggesting a protective effect against OA. Piezo1/2 cKO DMM limbs had 244 

significantly lower scores compared to floxed controls (mean difference = 14, P = 0.004), Piezo1 245 

cKO (mean difference = 12, P = 0.012), and Piezo2 cKO (mean difference = 22, P < 0.001) 246 

DMM limbs. In summary, the Piezo1 cKO and Piezo2 cKO genotypes demonstrated the highest 247 

susceptibility to cartilage damage following DMM surgery, while the Piezo1/2 cKO genotype 248 

showed reduced Modified Mankin scores, indicating a protective effect in female mice. 249 

Piezo1/2 cKO Mice are Protected Against Increased Synovial Inflammation following 250 

DMM Surgery  251 

We assessed synovitis scores using the Krenn criteria27 in male and female mice 12 252 

weeks after destabilization of the medial meniscus (DMM) surgery. In male mice, there was a 253 

significant effect of surgery (P < 0.001) and the interaction between genotype and surgery (P = 254 

0.014) (n = 9-20/genotype). DMM limbs displayed consistently higher synovitis scores than 255 

contralateral control limbs across all genotypes, indicating an increase in synovial inflammation 256 

after DMM surgery (Figure 3A,C). Piezo2 cKO mice exhibited the highest synovitis scores in 257 

DMM limbs (mean = 6 ± 1), while contralateral limbs of Piezo2 cKO mice had the lowest scores 258 

(mean = 2 ± 0.5). Floxed control mice demonstrated elevated synovitis scores in DMM limbs, 259 

with a mean difference of 2 compared to contralateral limbs (P = 0.029). Piezo1 cKO mice 260 
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showed increased synovitis in the DMM limb (mean = 5 ± 1), with a mean difference of 2 relative 261 

to the contralateral limb, though this difference was not statistically significant (P = 0.116). 262 

Piezo1/2 cKO mice presented an intermediate response, with DMM synovitis scores (mean = 4 263 

± 0.5) slightly higher than the contralateral limbs (mean difference = 1, P = 0.937), but this 264 

change was also not significant. 265 

In female mice, a two-way ANOVA identified a significant effect of surgery (P < 0.001), 266 

but neither genotype alone (P = 0.056) nor the interaction between genotype and surgery (P = 267 

0.123) reached statistical significance (n = 10-19/genotype). Synovitis scores increased in DMM 268 

limbs compared to contralateral control limbs in floxed control (mean difference = 3, P < 0.001), 269 

Piezo1 cKO (mean difference = 3, P = 0.001), and Piezo2 cKO mice (mean difference = 4, P < 270 

0.001), reflecting heightened synovial inflammation after DMM surgery (Figure 3E,G). In 271 

contrast, Piezo1/2 cKO mice did not exhibit a significant difference in synovitis scores between 272 

DMM and the contralateral limbs (mean difference = 2, P = 0.175). Among DMM limbs, Piezo1 273 

cKO mice showed the highest synovitis scores, indicating the most severe synovial 274 

inflammation. These findings suggest that the combined Piezo1/2 knockout reduces synovitis 275 

severity in female mice, leading to less pronounced inflammation. 276 

Piezo Knockout Reduces Osteophyte Formation Post-DMM Surgery 277 

We evaluated osteophyte formation in male mice following destabilization of the medial 278 

meniscus (DMM) surgery. In male mice, a two-way ANOVA identified significant effects of 279 

surgery (P < 0.001), genotype (P = 0.029), and their interaction (P = 0.036) (n = 9-15/genotype), 280 

highlighting the influence of both factors on osteophyte formation. Among the genotypes, only 281 

Piezo1 cKO mice showed a significant increase in osteophyte numbers in DMM limbs compared 282 

to contralateral limbs (mean difference = 1.8, P < 0.001) (Figure 3B,D). Piezo2 cKO, Piezo1/2 283 

cKO, and floxed control mice did not exhibit significant differences between limbs. The mean 284 
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differences in osteophyte scores between contralateral and DMM limbs were 0.33 for Piezo2 285 

cKO, 0.95 for Piezo1/2 cKO, and 0.71 for floxed control mice. When comparing DMM limbs 286 

across genotypes, Piezo1 cKO mice had the highest osteophyte formation (mean = 1.83 ± 0.5), 287 

significantly exceeding Piezo2 cKO DMM limbs (mean difference = 1.5, P = 0.005). Piezo2 cKO 288 

and floxed control mice displayed the lowest osteophyte numbers in DMM limbs, while Piezo1/2 289 

cKO mice exhibited intermediate levels, which did not differ significantly from Piezo2 cKO or 290 

floxed control mice. These findings suggest that a Piezo1 cKO leads to the most pronounced 291 

osteophyte formation after joint destabilization and Piezo1 and Piezo2 play distinct, and possibly 292 

opposing, roles in osteophyte development. 293 

In female mice, a two-way ANOVA revealed a significant effect of surgery (P = 0.023), 294 

indicating that DMM surgery increased osteophyte formation relative to contralateral control 295 

limbs (n = 7-15/genotype). However, genotype alone (P = 0.435) and its interaction with surgery 296 

(P = 0.889) did not reach statistical significance. Osteophytes remained consistently higher in 297 

DMM limbs compared to contralateral limbs across all genotypes (Figure 3F,H). The mean 298 

differences in osteophyte numbers between DMM and contralateral limbs were 0.42 for floxed 299 

control mice, 0.56 for Piezo1 cKO mice, 0.14 for Piezo2 cKO mice, and 0.43 for Piezo1/2 cKO 300 

mice. When comparing DMM limbs across genotypes, no significant differences emerged, 301 

indicating similar levels of osteophyte formation across the board. These results suggest that, in 302 

female mice, osteophyte development after joint destabilization is influenced by surgery but not 303 

significantly by genotype. 304 

Piezo2 Knockout Diminishes Bone Architecture and Density Post-DMM Surgery 305 

We examined bone volume/total volume (BV/TV) in the tibial medial plateau of male 306 

mice (n = 9–16/genotype) and found a significant effect of genotype (P < 0.001), but no 307 

significant effects of surgery or interaction, indicating genotype differences independent of 308 
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surgical interaction (Figure 4A). Within genotypes, no differences emerged between 309 

contralateral and DMM limbs, confirming that surgery did not alter BV/TV. However, the Piezo2 310 

cKO group displayed significantly lower BV/TV than the contralateral limbs of floxed control (P = 311 

0.002), Piezo1 cKO (P < 0.001), and Piezo1/2 cKO (P = 0.031) mice. Across DMM limbs, 312 

Piezo2 cKO mice had lower BV/TV than other genotypes, including floxed control (P = 0.048), 313 

Piezo1 cKO (P = 0.001), and Piezo1/2 cKO (P = 0.034), suggesting that Piezo2 knockout in 314 

cartilage disrupts bone density at the medial tibial plateau. 315 

We assessed bone surface/volume (BS/BV) in male mice and found significant effects of 316 

genotype (P = 0.044) and surgery (P = 0.035) (Figure 4B). The lack of significant interaction (P 317 

= 0.557) indicated independent contributions of genotype and surgery. Contralateral and DMM 318 

limbs showed no differences within genotypes, suggesting that surgery itself did not alter BS/BV 319 

in the medial tibial plateau for any genotype. 320 

For Trabecular thickness (Tb.Th), both genotype (P = 0.003) and surgery (P = 0.033), 321 

influenced outcomes, without significant interaction (P = 0.495) (Figure 4C). Surgery did not 322 

affect trabecular thickness within any genotype. However, Piezo2 cKO mice exhibited lower 323 

trabecular thickness compared to the contralateral limbs of Piezo1 cKO (P = 0.016) and 324 

Piezo1/2 cKO (P = 0.001), suggesting Piezo2 knockout uniquely alters trabecular architecture. 325 

We analyzed trabecular number (Tb.N) in male mice and detected a significant effect of 326 

genotype (P = 0.001) but no effects of surgery (P = 0.095) or interaction (P = 0.360) (Figure 327 

4D). Surgery did not alter Tb.N within genotypes. Across DMM limbs, Piezo2 cKO mice had 328 

lower Tb.N than Piezo1 cKO DMM (P = 0.012) and contralateral limbs (P = 0.022). Similarly, 329 

Piezo2 cKO contralateral limbs displayed fewer trabeculae than Piezo1 cKO DMM limbs (P = 330 

0.003). These findings highlight Piezo2 knockout as a significant factor in Tb.N reduction, 331 

independent of surgery. 332 
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Trabecular separation (Tb.Sp) results revealed significant effects of genotype (P = 333 

0.0019) but no effects of surgery (P = 0.282) or interaction (P = 0.588) (Figure 4E). 334 

Contralateral and DMM limbs did not differ within genotypes. Among DMM limbs, Piezo1 cKO 335 

mice showed lower trabecular separation compared to Piezo2 cKO contralateral limbs (P = 336 

0.039), Piezo1/2 cKO contralateral limbs (P = 0.011), and Piezo1/2 cKO DMM limbs (P = 0.020), 337 

emphasizing the distinct impact of Piezo1 knockout on trabecular spacing. 338 

Bone mineral density (BMD) results in male mice indicated a significant genotype effect 339 

(P < 0.001) but no effects of surgery (P = 0.917) or interaction (P = 0.849) (Figure 4F). Within 340 

genotypes, BMD remained consistent between contralateral and DMM limbs. The Piezo2 cKO 341 

contralateral group displayed reduced BMD relative to Piezo1 cKO contralateral (P = 0.026) and 342 

DMM limbs (P = 0.028). These findings highlight Piezo2 knockout as a driver of reduced bone 343 

density, unaffected by surgery. 344 

We measured medial tibial plateau thickness and found a significant genotype effect (P 345 

< 0.001), without effects of surgery (P = 0.309) or the interaction (P = 0.890) (Figure 4G). 346 

Thickness did not differ between contralateral and DMM limbs within genotypes. However, 347 

Piezo1 cKO mice demonstrated significantly greater thickness than the Piezo2 cKO 348 

contralateral (P = 0.001) and DMM limbs (P = 0.001). Floxed control DMM limbs showed greater 349 

thickness than Piezo2 cKO contralateral (P = 0.005) and DMM (P = 0.020) limbs. The Piezo1 350 

cKO groups also had significantly greater thickness compared to the Piezo1/2 cKO contralateral 351 

and DMM groups (P < 0.010 in all comparisons). These results suggest Piezo2 knockout 352 

reduces tibial thickness, while Piezo1 knockout may enhance or preserve it. 353 

Given the striking bone changes observed in Piezo2 cKO mice, we next quantified the 354 

ossified fraction of the menisci in the DMM limbs of floxed control, Piezo1 cKO, Piezo2 cKO, 355 

and Piezo1/2 cKO mice. Our analysis revealed that Piezo2 cKO male mice exhibited 356 
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approximately 50% lower tissue volume (Supplemental Figure 1A-C) and bone volume 357 

(Supplemental Figure 1D-F) compared to floxed controls in the medial meniscus (P = 0.190, 358 

0.191 respectively) and total meniscus (P = 0.058, 0.054 respectively). Additionally, Piezo2 cKO 359 

mice had higher bone surface-to-volume ratio in the medial (P = 0.057) and total meniscus (P < 360 

0.045) indicating thin bones and high trabecular numbers. Piezo2 cKO mice also had 361 

significantly higher bone surface density compared to floxed controls in the medial (P < 0.019) 362 

and total (P < 0.011) meniscus indicating thin trabeculae and high porosity, emphasizing the 363 

distinct role of Piezo2 in regulating bone remodeling. 364 

We analyzed bone volume/total volume (BV/TV) in female mice (n = 9–13/genotype) and 365 

identified significant effects of genotype (P < 0.001), surgery (P = 0.043), and their interaction (P 366 

= 0.017) (Figure 4H). These results indicate that both genotype and surgical intervention 367 

influence BV/TV. The Piezo2 cKO group exhibited significantly lower BV/TV than the 368 

contralateral limbs of floxed control (P < 0.001), Piezo1 cKO (P = 0.014), and Piezo1/2 cKO (P = 369 

0.004) groups. Among DMM limbs, the Piezo2 cKO group showed significantly reduced BV/TV 370 

compared to the other genotypes. Specifically, the Piezo2 cKO group showed significantly lower 371 

BV/TV relative to floxed control (P < 0.001), Piezo1 cKO (P = 0.002), and Piezo1/2 cKO (P < 372 

0.001) mice, suggesting that Piezo2 knockout alters bone structure at the medial tibial plateau. 373 

Bone surface/volume (BS/BV) in female mice revealed no significant effects of genotype 374 

(P = 0.772), surgery (P = 0.225), or interaction (P = 0.468) (Figure 4I). Neither genotype nor 375 

surgical intervention affected BS/BV, as all groups displayed comparable values between 376 

contralateral and DMM limbs, indicating no substantial alterations in this parameter. 377 

 378 

We examined trabecular thickness (Tb.Th) and found a significant effect of genotype (P 379 

= 0.003) but no significant effects of surgery (P = 0.100) or interaction (P = 0.112) (Figure 4J). 380 

Surgery did not alter Tb.Th within genotypes. However, the P2 cKO group demonstrated 381 
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significantly reduced trabecular thickness compared to the DMM limb of the floxed controls (P = 382 

0.016) and the Piezo1 cKO mice (P = 0.020), highlighting the impact of a Piezo2 knockout on 383 

trabecular architecture. 384 

Trabecular number (Tb.N) results in female mice indicated a significant effect of 385 

genotype (P < 0.001), surgery (P = 0.011), and their interaction (P = 0.029) (Figure 4K). The 386 

Piezo1/2 cKO group displayed increased Tb.N in DMM limbs compared to contralateral limbs (P 387 

= 0.004), suggesting that surgery influenced this parameter in Piezo1/2 cKO mice. Other 388 

genotypes showed no significant differences between contralateral and DMM limbs. Across 389 

genotypes, both Piezo2 cKO contralateral and DMM groups had reduced Tb.N compared to the 390 

Piezo1/2 cKO DMM group (P < 0.001). Additionally, the Piezo1 cKO DMM group exhibited 391 

higher Tb.N than both Piezo2 cKO groups (P < 0.001), illustrating genotype-dependent effects 392 

on bone architecture. 393 

We investigated trabecular separation (Tb.Sp) and observed significant effects of 394 

genotype (P < 0.001) and surgery (P = 0.004), but not the interaction (P = 0.733) (Figure 4L). 395 

Piezo2 cKO mice showed elevated Tb.Sp compared to the contralateral limbs of the floxed 396 

control (P = 0.006) and Piezo1 cKO (P = 0.010), as well as the DMM limbs of floxed control (P = 397 

0.002) mice. Piezo2 cKO contralateral limbs also differed significantly from the Piezo1/2 cKO 398 

DMM limbs (P = 0.002), underscoring distinct changes in Tb.Sp caused by Piezo2 knockout.  399 

Bone mineral density (BMD) results in female mice (n = 8-12/genotype/limb) highlighted 400 

a significant genotype effect (P < 0.001), but no impact from surgery (P = 0.785) (Figure 4M). 401 

Pairwise comparisons showed reduced BMD in the Piezo1/2 cKO contralateral group compared 402 

to the floxed control contralateral limbs (P = 0.024), floxed control DMMs (P = 0.004), Piezo1 403 

cKO contralateral limbs (P = 0.043), and Piezo1 cKO DMMs (P = 0.006). Similarly, the Piezo2 404 
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cKO contralateral group exhibited lower BMD than the Piezo1 cKO contralateral (P = 0.001) and 405 

DMM (P = 0.001) groups, indicated that Piezo2 knockout reduces BMD independent of surgery. 406 

Medial tibial plateau thickness analysis revealed a significant effect of genotype (P < 407 

0.001) but no effects of surgery (P = 0.370) or interaction (P = 0.708) (n = 7/10/genotype) 408 

(Figure 4N). Piezo2 cKO contralateral and DMM limbs displayed reduced thickness compared 409 

to the contralateral limbs of floxed control (P = 0.003 and P = 0.002, respectively), floxed control 410 

DMM (P < 0.001 for both), Piezo1 cKO contralateral (P = 0.003 and P = 0.01, respectively), and 411 

Piezo1 cKO DMM (P < 0.001 for both). Piezo1/2 cKO contralateral and DMM limbs showed 412 

lower thickness than floxed control (P = 0.027 and P = 0.004, respectively) and floxed control 413 

DMM (P = 0.006 and P < 0.001, respectively). These findings emphasize the distinct effects of 414 

Piezo2 and Piezo1/2 knockouts on tibial architecture, regardless of surgical intervention. 415 

Grimace Scores Highlight Genotype-Specific Pain and Recovery After DMM Surgery 416 

We evaluated grimace scores in male mice at baseline and at 4, 8, and 12 weeks post-417 

DMM surgery to evaluate pain levels across four groups: Floxed controls, Piezo1 cKO, Piezo2 418 

cKO, and Piezo1/2 cKO (n = 7–15 per group) (Figure 5 A, Supplemental Figure 2A-D). At 419 

baseline (before surgery, 0 weeks), a one-way ANOVA showed no significant differences in 420 

grimace scores among the groups (P = 0.508), suggesting that pain levels were comparable 421 

across the genotypes prior to surgery (Supplemental Figure 2A). At 4 weeks post-DMM, all 422 

groups displayed increased grimace scores relative to baseline, indicating elevated pain 423 

following surgery, although no significant differences were observed among groups (P = 0.487) 424 

(Supplemental Figure 2B). At 8 weeks post-DMM, grimace scores remained elevated but 425 

consistent across genotypes, as a one-way ANOVA detected no significant differences (P = 426 

0.846) (Supplemental Figure 2C). By 12 weeks post-DMM, significant differences emerged 427 

among the groups (P = 0.002) (Figure 5A, Supplemental Figure 2D). Tukey’s multiple 428 

comparisons test identified higher grimace scores in Piezo2 cKO mice compared to floxed 429 
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controls (adjusted P = 0.024) and Piezo1/2 cKO mice (adjusted P = 0.001). Although Piezo1 430 

cKO trended towards higher scores than Piezo1/2 cKO mice, the difference did not reach 431 

statistical significance (adjusted P = 0.120). All groups maintained scores above baseline, while 432 

the Piezo1/2 cKO mice demonstrated recovery to levels closest to pre-surgery values (mean = 433 

1.68). These results suggest that Piezo2 cKO mice experienced the most pain, whereas 434 

Piezo1/2 cKO mice exhibited better recovery by 12 weeks post-DMM, although not significantly 435 

different than floxed controls. 436 

 437 

We also assessed grimace scores in female mice at the same timepoints (n = 6–438 

16/genotype) (Figure 5 B, Supplemental Figure 2E-H). At baseline, significant differences 439 

appeared among the groups (P < 0.002) (Supplemental Figure 2E). Tukey’s multiple 440 

comparisons test revealed elevated scores in Piezo2 cKO mice compared to floxed controls 441 

(adjusted P < 0.003), Piezo1 cKO (adjusted P = 0.022), and Piezo1/2 cKO (adjusted P < 0.003), 442 

indicating that Piezo2 cKO alone is sufficient to elevate pain levels. At 4 weeks post-DMM, 443 

grimace scores increased across genotypes (P = 0.021) (Supplemental Figure 2F). Tukey’s 444 

test showed that Piezo1 cKO mice had the lowest grimace scores among genotypes, with lower 445 

scores than Piezo2 cKO mice (adjusted P = 0.041) and floxed controls (P = 0.056). All 446 

genotypes displayed scores above baseline, reflecting heightened pain following surgery. At 8 447 

weeks post-DMM, significant differences persisted (P = 0.008) (Supplemental Figure 2G). 448 

Tukey’s test found higher scores in Piezo2 cKO mice relative to floxed controls (adjusted P = 449 

0.041) and Piezo1 cKO mice (adjusted P = 0.011). Piezo1 cKO mice showed scores near 450 

baseline, indicating lower pain levels, while other genotypes maintained scores above baseline. 451 

At 12 weeks post-DMM, significant differences remained (P = 0.037) (Figure 5B, Supplemental 452 

Figure 2H). Tukey’s test identified Piezo2 cKO mice with higher scores than Piezo1/2 cKO mice 453 

(adjusted P = 0.031). Piezo1/2 cKO mice exhibited the lowest grimace scores (mean = 1.39), 454 

suggesting reduced pain levels, although not significantly different from floxed controls (mean = 455 
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1.53). Although all groups maintained scores above baseline at this timepoint, Piezo1/2 cKO 456 

mice demonstrated the greatest protection against sustained pain.  457 

 458 

Piezo2 and Piezo1/2 Knockouts Mitigate Pressure-Pain Hyperalgesia  459 

We assessed the pressure-pain hyperalgesia threshold at baseline across four groups of 460 

male mice: Floxed controls, Piezo1 cKO, Piezo2 cKO, and Piezo1/2 cKO (n = 6–15 per 461 

genotype) (Figure 5C, Supplemental Figure 3A-D). At baseline, a two-way ANOVA revealed 462 

no significant differences among genotypes (P = 0.475), effects of surgery (P = 0.138) or 463 

interaction between genotype and surgery (P = 0.169) (Supplemental Figure 3A). At 4 weeks 464 

post-DMM, we reassessed pain thresholds and identified significant effects of surgery (P = 465 

0.027), though genotype and interaction effects remained non-significant (interaction: P = 0.899; 466 

genotype: P = 0.064) (Supplemental Figure 3B). Post hoc Tukey's comparisons showed no 467 

significant differences among groups, indicating stable pain thresholds relative to baseline 468 

values and consistent pain responses post-surgery. At 8 weeks post-DMM, thresholds remained 469 

stable across all groups. A two-way ANOVA did not detect significant effects of surgery (P = 470 

0.61) or genotype (P = 0.055), and no interaction was observed (P = 0.078) (Supplemental 471 

Figure 3C). However, the floxed control DMM group exhibited a higher threshold than its 472 

contralateral limb (mean difference = 41.3 g, P = 0.015). Other groups maintained similar pain 473 

thresholds across limbs. These findings suggest that while the floxed controls showed slight 474 

changes in thresholds, other genotypes maintained consistency. By 12 weeks post-DMM, 475 

surgery significantly impacted thresholds (P < 0.001), but genotype effects (P = 0.061) and the 476 

interaction (P = 0.099) remained non-significant (Figure 5C, Supplemental Figure 3D). Tukey's 477 

comparisons revealed that the floxed control DMM group had lower thresholds than the 478 

Piezo1/2 cKO DMM (mean difference = 83.0 g, P < 0.001), the Piezo2 cKO DMM (mean 479 

difference = 82.1 g, P = 0.002), and the Piezo1 cKO DMM (mean difference = 59.9 g, P = 0.003) 480 

groups. Piezo2 cKO and Piezo1/2 cKO groups maintained thresholds above baseline, with the 481 
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Piezo1/2 cKO group consistently showing the highest thresholds across all timepoints. These 482 

results highlight persistent hypersensitivity and reduced thresholds in floxed controls while all 483 

Piezo cKO genotypes demonstrated greater resilience. 484 

 485 

We evaluated female mice at the same timepoints (n = 6–15/genotype) (Figure 5D, 486 

Supplemental Figure 3E-H). At baseline, a two-way ANOVA showed no significant differences 487 

in thresholds among genotypes (P = 0.944) or interactions between surgery and genotype, 488 

though thresholds differed between DMM and contralateral limbs (P = 0.025) (Supplemental 489 

Figure 3E). At 4 weeks post-DMM, surgery (P = 0.003) and genotype (P = 0.001) significantly 490 

affected thresholds (Supplemental Figure 3F). The floxed control group displayed lower 491 

thresholds in the DMM limb relative to the contralateral limb (mean difference = 63.6 g, P = 492 

0.021). The Piezo1/2 cKO DMM group showed higher thresholds than floxed control DMM limbs 493 

(mean difference = 66.9 g, P = 0.012). All groups demonstrated thresholds below baseline, 494 

reflecting heightened sensitivity. At 8 weeks post-DMM, significant effects of surgery persisted 495 

(P = 0.002), though Tukey’s multiple comparison’s test did not reveal significant differences 496 

between limbs or genotypes (Supplemental Figure 3G). At 12 weeks post-DMM, both surgery 497 

(P < 0.001) and genotype (P = 0.046) significantly influenced thresholds (Figure 5D, 498 

Supplemental Figure 3H). Tukey’s test highlighted higher pain threshold in the floxed control 499 

DMM limbs compared to the Piezo1 cKO DMM group (mean difference = 78.9 g, P = 0.002), 500 

indicating increased hypersensitivity in the Piezo1 cKO group. Piezo1 cKO DMM limbs 501 

displayed lower thresholds than Piezo2 cKO DMM (mean difference = 95.7 g, P = 0.006) and 502 

Piezo1/2 cKO DMM (mean difference = 96.9 g, P = < 0.001) limbs. Piezo2 cKO and Piezo1/2 503 

cKO mice consistently exhibited the highest pain thresholds overall, closest to baseline, 504 

indicating reduced pain development. All groups showed reduced thresholds relative to 505 

baseline, with significant hypersensitivity most evident in Piezo1 cKO mice. 506 

 507 
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Genotype-Specific Tactile Allodynia Responses Illustrate Piezo1/2 Combined Role in OA 508 

pain 509 

We assessed mechanical (or tactile) pain thresholds across all groups of male and 510 

female mice: Floxed controls, Piezo1 cKO, Piezo2 cKO, and Piezo1/2 cKO (n=7–15/genotype). 511 

At baseline, a two-way ANOVA detected no significant differences among genotypes (P = 512 

0.179), no effects of surgery (P = 0.422), and no interaction between surgery and genotype (P = 513 

0.819) (Supplemental Figure 4A). These results indicate uniform baseline pain sensitivity 514 

across genotypes before the DMM surgery. At 4 weeks post-DMM, thresholds were reevaluated 515 

and a two-way ANOVA revealed significant effects of surgery (P = 0.038) and genotype (P = 516 

0.001) but no interaction (P = 0.547) (Supplemental Figure 4B). Post hoc Tukey's multiple 517 

comparisons showed no significant changes between contralateral and DMM limbs within 518 

genotypes or among genotypes for DMM limbs, though floxed controls trended towards lower 519 

thresholds in DMM limbs (mean difference = 0.658, P = 0.103). These data suggest that at 4 520 

weeks, surgery begins influencing thresholds, though significant differences are not yet evident. 521 

At 8 weeks post-DMM, a two-way ANOVA identified significant effects of genotype (P < 0.001), 522 

but neither surgery (P = 0.249) nor interactions between factors (P = 0.113) were significant 523 

(Supplemental Figure 4C). Post hoc Tukey's tests revealed significantly lower thresholds in 524 

DMM limbs for the floxed control, Piezo2 KO, and Piezo1/2 cKO groups (floxed control mean 525 

difference = 0.789, P = 0.002, Piezo2 cKO mean difference = 0.640, P = 0.046, Piezo1/2 cKO 526 

mean difference = 1.19, P < 0.001). Piezo1 cKO male mice did not exhibit significant differences 527 

between limbs, suggesting a distinct role for Piezo1 in pain onset. All DMM groups showed 528 

thresholds below baseline levels, reflecting persistent pain. At 12 weeks post-DMM, thresholds 529 

varied significantly due to genotype (P < 0.001) and surgery (P = 0.005), though no interaction 530 

was observed (P = 0.769) (Figure 5E, Supplemental Figure 4D). Tukey's test revealed lower 531 

thresholds in DMM limbs compared to contralateral limbs for all groups: Floxed controls (mean 532 

difference = 0.842, P = 0.002), Piezo1 cKO (mean difference = 1.06, P = 0.001), Piezo2 cKO 533 
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(mean difference = 1.05, P = 0.001), Piezo1/2 cKO (mean difference = 0.830, P = 0.006). 534 

Across genotypes, no significant differences emerged among DMM limbs. All DMM groups 535 

remained below baseline levels, confirming sustained pain post-surgery.   536 

 We assessed female mice at the same timepoints (n=8–15/genotype) (Figure 5F, 537 

Supplemental Figure 4E-H). At baseline, a two-way ANOVA found no significant differences 538 

among genotypes, surgery or interactions, indicating minimal pain before surgery 539 

(Supplemental Figure 4E). At 4 weeks post-DMM, a two-way ANOVA detected significant 540 

effects of genotype (P < 0.001) and surgery (P = 0.019) (Supplemental Figure 4F). Tukey’s 541 

multiple comparisons highlighted lower thresholds in the floxed control DMM limb relative to its 542 

contralateral limb (mean difference = 0.758, P = 0.021). Although other comparisons between 543 

limbs did not show significance, all DMM limb averages fell below baseline levels, indicating 544 

increased sensitivity. At 8 weeks post-DMM, surgery (P < 0.001) and genotype (P < 0.001) 545 

significantly influence thresholds (Supplemental Figure 4G). All groups displayed lower 546 

thresholds in DMM limbs than contralateral limbs: Floxed controls (mean difference = 0.853, P < 547 

0.001), Piezo1 cKO (mean difference = 0.871, P = 0.008), Piezo2 cKO (mean difference = 548 

0.728, P = 0.004), and Piezo1/2 cKO (mean difference = 0.729, P = 0.004). Among DMM limbs, 549 

Piezo2 cKO thresholds exceeded those of floxed controls (mean difference = 0.498, P = 0.049), 550 

suggesting some protection from pain in Piezo2 cKO mice. All DMM groups remained below 551 

baseline levels. At 12 weeks post-DMM, surgery (P = 0.005) and genotype (P < 0.001) 552 

continued to influence thresholds (Figure 5F, Supplemental Figure 4H). All groups exhibited 553 

lower thresholds in DMM limbs than contralateral limbs: Floxed control (mean difference = 1.11, 554 

P < 0.001), Piezo1 cKO (mean difference = 1.08, P < 0.001), Piezo2 cKO (mean difference = 555 

1.21, P < 0.001), Piezo1/2 cKO (mean difference = 0.684, P = 0.006). Among DMM limbs, 556 

Piezo1/2 cKO thresholds trended towards being higher than those of floxed control DMM limbs 557 

(mean difference = 0.658, P = 0.010), indicating better pain mitigation. While all groups showed 558 
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thresholds below baseline values, the Piezo1/2 cKO genotype demonstrated the best 559 

protection, underscoring the role of Piezo1 and Piezo2 in pain progression for female mice. 560 

 561 

Genotype-Dependent Static Weight Bearing Changes in Male and Female Mice Post-DMM 562 

Surgery 563 

We evaluated static weight bearing in male mice from four groups: Floxed controls, 564 

Piezo1 cKO, Piezo2 cKO, and Piezo1/2 cKO—at baseline (0 weeks) and 4, 8, and 12 weeks 565 

post-DMM surgery (n = 6–15/genotype) (Figure 5G, Supplemental Figure 5A-D). At baseline, 566 

a two-way ANOVA identified a significant effect of genotype on static weight bearing (P = 0.005), 567 

but no significant differences emerged between contralateral and DMM limbs within any 568 

genotype, indicating balanced weight distribution across all groups (Supplemental Figure 5A). 569 

These results confirm that genotypes showed no impaired load distribution prior to DMM 570 

surgery. At 4 weeks post DMM, static weight bearing decreased in the DMM limb across most 571 

groups. A two-way ANOVA revealed a significant effect of genotype (P < 0.001), suggesting that 572 

the differences observed were dependent on genotype rather than surgery alone 573 

(Supplemental Figure 5B). Within genotypes, floxed controls (mean difference = 9.68%, P < 574 

0.0001), Piezo1 cKO (mean difference = 17.14%, P < 0.001), and Piezo1/2 cKO (mean 575 

difference = 13.59%, P < 0.001) mice exhibited significant reductions in DMM limb weight 576 

bearing, favoring the contralateral limb. For Piezo2 cKO mice, the reduction did not reach 577 

significance (mean difference = 7.81%, P = 0.168). Additionally, all groups demonstrated DMM 578 

limb weight bearing below baseline levels observed in floxed controls, highlighting impaired load 579 

distribution following DMM surgery. Across genotypes, no significant differences were observed 580 

in DMM limb scores. At 8 weeks post DMM, a two-way ANOVA detected a significant interaction 581 

between genotype and limb (P = 0.048) and a significant effect of genotype (P < 0.001), 582 

suggesting the combined influence of genotype and limb on weight bearing (Supplemental 583 

Figure 5C). Within genotypes, floxed controls (mean difference = 16.23%, P < 0.0001), Piezo1 584 
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cKO (mean difference = 19.65%, P < 0.001), Piezo2 cKO (mean difference = 17.23%, P < 585 

0.001), and Piezo1/2 cKO (mean difference = 10.90%, P < 0.001) showed significant differences 586 

between contralateral and DMM limbs. DMM limb scores in all groups remained below the 587 

baseline load of floxed controls, emphasizing the impact of DMM surgery on load distribution. 588 

No significant differences emerged among genotypes for DMM limb scores. At 12 weeks post-589 

DMM, prior to sacrifice, a two-way ANOVA revealed a significant effect of genotype (P < 590 

0.0001), indicating genotype-dependent differences in static weight bearing (Figure 5G, 591 

Supplemental Figure 5D). Within genotypes, floxed controls (mean difference = 11.72%, P < 592 

0.001), Piezo1 cKO (mean difference = 12.27%, P = 0.002), and Piezo2 cKO (mean difference 593 

= 12.20%, P < 0.001) mice exhibited significant reductions in DMM limb weight bearing 594 

compared to contralateral limbs. However, Piezo1/2 cKO mice did not show significant 595 

differences between limbs (mean difference = 7.50%, P = 0.113). DMM limb scores for all 596 

genotypes remained below levels of floxed control mice, confirming impaired load distribution 597 

favoring the contralateral limb. These results indicate that both Piezo1 and Piezo2 ion channels 598 

play a role in maintaining normal load-bearing capacity post-DMM surgery in male mice. 599 

Female mice displayed similar trends in static weight bearing across timepoints (n = 6–600 

15/genotype) (Figure 5H, Supplemental Figure 5E-H). At baseline, a two-way ANOVA 601 

detected significant genotype differences (P = 0.004), but contralateral and DMM limbs within 602 

each genotype maintained even weight distribution (Supplemental Figure 5E). These results 603 

confirm consistent static weight bearing across genotypes prior to joint injury. At 4-weeks post 604 

DMM, static weight bearing declined in DMM limbs across most groups. A two-way ANOVA 605 

revealed significant interactions between genotype and limb (P = 0.031) and significant effects 606 

of genotype (P < 0.001) (Supplemental Figure 5F). Within genotypes, floxed controls (mean 607 

difference = 17.72%, P < 0.001), Piezo2 cKO (mean difference = 17.29%, P < 0.001), and 608 

Piezo1/2 cKO (mean difference = 17.64%, P < 0.001) showed significant differences between 609 

limbs. Piezo1 cKO mice did not exhibit significant differences (mean difference = 7.20%, P = 610 
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0.313). DMM limb scores across all groups fell below baseline levels in floxed controls, 611 

indicating impaired load distribution. At 8-weeks post DMM, static weight bearing remained 612 

reduced. A two-way ANOVA identified a significant effect of genotype (P < 0.001) 613 

(Supplemental Figure 5G). Within genotypes, floxed controls (mean difference = 12.84%, P < 614 

0.001), Piezo1 cKO (mean difference = 11.44%, P = 0.038), Piezo2 cKO (mean difference = 615 

13.47%, P < 0.001), and Piezo1/2 cKO mice (mean difference = 9.59%, P = 0.001) 616 

demonstrated significant differences between contralateral and DMM limbs. All DMM limb 617 

scores remained below baseline levels, reinforcing the impact of DMM surgery on load 618 

distribution. Comparisons across genotypes showed no significant differences in DMM limb 619 

scores. At 12- weeks post DMM, a two-way ANOVA indicated a significant genotype effect (P < 620 

0.001) (Figure 5H, Supplemental Figure 5H). Within genotypes, floxed controls (mean 621 

difference = 11.67%, P < 0.001), Piezo1 cKO (mean difference = 10.47%, P = 0.007), Piezo2 622 

cKO (mean difference = 17.18%, P < 0.001), and Piezo1/2 cKO (mean difference = 11.18%, P < 623 

0.001) mice exhibited significantly lower DMM limb scores than contralateral limbs. All DMM 624 

limb scores remained below baseline levels, confirming impaired load distribution post-surgery. 625 

No differences emerged among genotypes in DMM limb scores. 626 

 627 

Recovery of Voluntary Wheel Running Activity in Piezo2 and Piezo1/2 cKO Mice Post-628 

DMM Surgery 629 

We monitored voluntary wheel running distances in four groups of male mice: Floxed 630 

controls, Piezo1 KO, Piezo2 KO, and Piezo1/2 cKO mice, across baseline (0 weeks), 4 weeks, 631 

8 weeks, and 12 weeks post-DMM (n = 6–15/genotype) (Figure 5I, Supplemental Figure 6A-632 

D). At baseline (0 weeks), a one-way ANOVA found no significant differences in distances run 633 

between groups (P = 0.321) (Supplemental Figure 6A), confirming comparable activity levels 634 

across genotypes before surgery. At 4 weeks post-DMM, a one-way ANOVA detected no 635 

significant differences in distances run between groups (P = 0.336) (Supplemental Figure 6B). 636 
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While the floxed control and Piezo1 cKO groups ran slightly less than the baseline average, 637 

Piezo2 cKO and Piezo1/2 cKO mice maintained distances above baseline. However, the lack of 638 

significance indicates minimal changes in activity levels following surgery. At 8 weeks post-639 

DMM, a one-way ANOVA again indicated no significant differences between the groups (P = 640 

0.523) (Supplemental Figure 6C). All genotypes ran on average, further than baseline levels, 641 

indicating little change on activity levels 8 weeks following DMM surgery. At 12 weeks post-642 

DMM, a one-way ANOVA identified significant differences in distances run between groups (P < 643 

0.001) (Figure 5I, Supplemental Figure 6D). Tukey’s multiple comparisons test showed that 644 

Piezo1/2 cKO mice ran significantly farther than floxed controls (adjusted P < 0.001) and Piezo1 645 

cKO mice (adjusted P < 0.001). The distance run by Piezo1 cKO mice and Piezo2 cKO mice did 646 

not differ significantly (adjusted P = 0.153). Notably, Piezo2 cKO and Piezo1/2 cKO mice 647 

exceeded baseline control values, indicating a recovery to pre-surgery activity levels. In 648 

contrast, floxed control and Piezo1 cKO groups remained below baseline levels, suggesting that 649 

Piezo1 cKO alone does not restore activity changes after DMM surgery. These findings highlight 650 

the unique recovery of Piezo2 cKO and Piezo1/2 cKO mice, which achieved near-baseline 651 

running distances by 12 weeks. 652 

Female mice were evaluated at the same timepoints (n = 6–15/genotype) (Figure 5J, 653 

Supplemental Figure 6E-H). At baseline (0 weeks), a one-way ANOVA confirmed no significant 654 

differences among groups, indicating similar activity levels before surgery (Supplemental 655 

Figure 6E). At 4 weeks post-DMM, a one-way ANOVA showed no significant differences in the 656 

distance run between the groups (P = 0.163) (Supplemental Figure 6F). At this time point, the 657 

floxed controls, Piezo2 KO, and Piezo1/2 cKO groups ran distances near or slightly below the 658 

baseline control values, while Piezo1 cKO mice maintained distances above the baseline. At 8 659 

weeks post-DMM, a one-way ANOVA detected no significant differences among groups (P = 660 

0.298) (Supplemental Figure 6G). All genotypes exceeded or matched their baseline levels, 661 

showing little change in activity compared to pre-surgery distances. Similarly, at 12 weeks post-662 
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DMM, the one-way ANOVA showed no significant differences in distance run (P = 0.071) 663 

(Figure 5J, Supplemental Figure 6H). However, only the Piezo1/2 cKO group exceeded the 664 

baseline control values, suggesting partial recovery of running activity to pre-surgery levels. 665 

Overall, voluntary running distances at the study endpoint remained comparable across 666 

genotypes for female mice. 667 

 668 

Structural Joint Changes are Correlated with Pain Behaviors in Male Mice Post-DMM 669 

Surgery 670 

We investigated the relationships between pain behaviors and structural joint changes, 671 

grouping data by distinct behavioral measures across genotypes in male mice (Table 1). The 672 

Grimace Score, which reflects spontaneous pain,28 revealed significant correlations with multiple 673 

structural changes. In Piezo2 cKO mice, a significant positive correlation linked Grimace Score 674 

to the Modified Mankin Score (P = 0.006, R² = 0.62), showing that increased cartilage damage 675 

correlates with heightened pain perception. Similarly, Piezo2 cKO mice demonstrated a 676 

significant positive correlation between osteophyte formation and Grimace Score (P = 0.049, R² 677 

= 0.45), highlighting the association between joint changes and pain perception. In the Piezo1 678 

cKO and Piezo1/2 cKO groups, significant positive correlations connected synovitis with 679 

Grimace Score (P = 0.032, R² = 0.72 for Piezo1 cKO; P = 0.059, R² = 0.31 for Piezo1/2 cKO), 680 

indicating that increasing inflammation is linked to heightened pain behaviors. The Electronic 681 

Von Frey (EVF), which measures mechanical sensitivity, showed notable correlations with the 682 

Modified Mankin Score in Piezo1 cKO mice (P = 0.002, R² = 0.93, negative trend). This finding 683 

suggests that greater cartilage damage leads to heightened sensitivity, indicating a worsening 684 

pain response as structural integrity declines. The SMALGO test showed a significant negative 685 

correlation with synovitis in Piezo2 cKO mice (P = 0.037, R² = 0.54). This inverse relationship 686 

suggests that increased synovial inflammation may reduce mechanical hypersensitivity, implying 687 

a compensatory or altered pain response under inflammatory conditions. Interestingly, Piezo1 688 
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cKO mice exhibited a significant positive correlation between Modified Mankin Score and 689 

Distance Run (P = 0.017, R² = 0.75). Despite increased joint damage, these mice maintained 690 

higher activity levels, suggesting compensatory behavior or reduced sensitivity to joint damage 691 

compared to other genotypes. 692 

Piezo2 cKO mice demonstrated the most consistent associations between structural 693 

joint changes – such as cartilage damage and osteophytes – and pain behavior measures, 694 

particularly Grimace Score and EVF. This indicates that cartilage degradation and osteophyte 695 

formation strongly influence pain perception in Piezo2 cKO mice. In contrast, the Piezo1 cKO 696 

genotype exhibited strong correlations involving synovitis, suggesting that inflammation plays a 697 

central role in pain perception in this group. Overall, Piezo1/2 cKO and floxed control genotypes 698 

had fewer significant correlations, suggesting resilience to structural damage or compensatory 699 

mechanisms that reduce the impact of joint changes on pain behavior. These findings offer 700 

insights for developing osteoarthritis treatments by targeting specific structural features like 701 

cartilage damage, synovitis, and osteophytes to alleviate pain. Future research should prioritize 702 

interventions that prevent these structural changes, aiming to manage osteoarthritis-related pain 703 

more effectively. 704 

  Grimace   SMALGO   EVF   SWB   Distance   

Mankin P R2 P R2 P R2 P R2 P R2 

Floxed 0.556 0.03 0.321 0.08 0.986 < 0.01 0.770 0.01 0.247 0.10 

Piezo1 cKO 0.169 0.41 0.435 0.15 0.001 0.93 0.195 0.37 0.016 0.74 

Piezo2 cKO 0.007 0.62 0.460 0.08 0.264 0.17 0.147 0.36 0.138 0.24 

Piezo1/2 

cKO 0.209 0.13 0.922 < 0.01 0.681 0.02 0.809 0.01 0.334 0.12 

Synovitis  P R2 P R2 P R2 P R2 P R2 

Floxed 0.155 0.15 0.061 0.26 0.606 0.02 0.784 0.78 0.273 0.03 

Piezo1 cKO 0.032 0.72 0.995 < 0.01 0.003 0.91 0.105 0.52 0.072 0.51 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655585doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.22.655585
http://creativecommons.org/licenses/by-nc-nd/4.0/


 30

Piezo2 cKO 0.313 0.14 0.037 0.54 0.390 0.12 0.704 0.03 0.866 0.03 

Piezo1/2 

cKO 0.059 0.31 0.123 0.24 0.289 0.28 0.867 < 0.01 0.857 0.04 

Osteophytes P R2 P R2 P R2 P R2 P R2 

Floxed 0.661 0.02 0.286 0.10 0.688 0.01 0.715 0.02 0.466 0.03 

Piezo1 cKO 0.073 0.59 0.416 0.17 0.217 0.34 0.328 0.23 0.977 < 0.01 

Piezo2 cKO 0.049 0.45 0.131 0.13 0.125 0.27 0.907 < 0.01 >0.999 < 0.01 

Piezo1/2 

cKO 0.820 0.82 0.114 0.28 0.926 < 0.01 0.690 0.03 0.793 0.01 

Table 1. Male Structural Changes Correlated with Pain and Behavior Assessments 705 

This table summarizes the correlation analyses between structural changes (Modified Mankin 706 

Score, synovitis, and osteophyte scores) and various pain and behavior assessments (Grimace, 707 

SMALGO, EVF, SWB, and Distance) in male mice across floxed, Piezo1 cKO, Piezo2 cKO, and 708 

Piezo1/2 cKO genotypes (N = 6-10/genotype). Each cell displays the P value and corresponding 709 

R² value for the correlation. Bold text denotes cells where the P value is less than 0.1, indicating 710 

a trend or significant correlation. 711 

 712 

 713 

Female Mice Exhibit Genotype-Specific Links Between Joint Damage and Pain Behaviors 714 

We analyzed correlations between structural joint changes and pain/behavior 715 

assessments in female mice, revealing distinct but generally less consistent patterns compared 716 

to male mice (Table 2). The Piezo2 cKO genotype exhibited a significant negative correlation 717 

between the Modified Mankin Score and static weight-bearing (P = 0.022, R² = 0.76). This 718 

indicates that increasing cartilage damage reduces weight-bearing capacity, reflecting a 719 

worsening functional outcome in response to joint degradation. Additionally, in Piezo1/2 cKO 720 

mice, showed a trend toward a negative correlation between synovitis and SWB (P = 0.087, R² 721 

= 0.36), suggesting that increased synovial inflammation may impair weight-bearing on the 722 
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surgical limb. In the Piezo1 cKO group, a trend toward significance linked osteophyte formation 723 

and Grimace Score (P = 0.078, R² = 0.49). This trend implies that greater osteophyte formation 724 

correlates with heightened pain behaviors, highlighting a potential association between 725 

structural changes and pain perception. A significant positive correlation emerged between 726 

osteophyte formation and EVF threshold in both Piezo1 cKO and Piezo1/2 cKO mice (P = 0.063 727 

for Piezo1 cKO; P = 0.03 for Piezo1/2 cKO; R² = 0.53 and 0.35, respectively). This positive 728 

relationship suggests a complex or contradictory interaction between osteophyte formation and 729 

sensitivity to external mechanical stimuli. Overall, the Piezo1 cKO and Piezo2 cKO genotypes 730 

demonstrated significant correlations or trends linking structural damage (such as cartilage 731 

damage and osteophytes) to behavioral outcomes, indicating a higher sensitivity to joint 732 

damage compared to floxed control and Piezo1/2 cKO genotypes. The floxed control and 733 

Piezo1/2 cKO groups showed fewer significant correlations, suggesting greater resilience to 734 

joint changes or alternative compensatory mechanisms in female mice. These findings highlight 735 

potential sex-specific differences in joint degeneration and pain perception, which future 736 

research on osteoarthritis-related pain interventions should consider. 737 

 738 

  Grimace   SMALGO   EVF   SWB   Distance   

Mankin P R2 P R2 P R2 P R2 P R2 

Floxed 0.084 0.32 0.829 < 0.01 0.766 0.01 0.192 0.22 0.358 0.19 

Piezo1 cKO 0.439 0.10 0.404 0.11 0.378 0.15 0.207 0.46 0.516 0.16 

Piezo2 cKO 0.701 0.04 0.610 0.07 0.331 0.23 0.020 0.76 0.233 0.28 

Piezo1/2 

cKO 0.606 0.03 0.952 < 0.01 0.109 0.21 0.368 0.11 0.150 0.51 

Synovitis  P R2 P R2 P R2 P R2 P R2 

Floxed 0.682 0.02 0.318 0.11 0.953 < 0.01 0.466 0.07 0.126 0.44 

Piezo1 cKO 0.596 0.04 0.379 0.13 0.378 < 0.01 0.824 0.01 0.450 0.06 
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Piezo2 cKO 0.910 < 0.01 0.690 0.04 0.798 0.01 0.262 0.29 0.500 0.12 

Piezo1/2 

cKO 0.106 0.29 0.887 < 0.01 0.732 0.01 0.087 0.36 0.884 0.02 

Osteophytes P R2 P R2 P R2 P R2 P R2 

Floxed >0.999 < 0.01 0.318 0.04 0.784 0.01 0.530 0.05 0.771 < 0.01 

Piezo1 cKO 0.078 0.49 0.878 < 0.01 0.063 0.53 0.824 0.09 0.200 0.46 

Piezo2 cKO 0.510 0.11 0.694 0.04 0.507 0.11 0.371 0.20 >0.999 0.12 

Piezo1/2 

cKO 0.556 0.04 0.147 0.18 0.031 0.35 0.359 1.0 >0.999 < 0.01 

Table 2. Female Structural Changes Correlated with Pain and Behavior 739 

Assessments 740 

This table summarizes the correlation analyses between structural changes (Modified Mankin 741 

Score, synovitis, and osteophyte scores) and various pain and behavior assessments (Grimace, 742 

SMALGO, EVF, SWB, and Distance) in female mice across floxed, Piezo1 cKO, Piezo2 cKO, 743 

and Piezo1/2 cKO genotypes (N = 6-10/genotype). Each cell displays the P value and 744 

corresponding R² value for the correlation. Bold text denotes cells where the P value is less than 745 

0.1, indicating a trend or significant correlation. These analyses reveal genotype-specific 746 

relationships, providing insight into the interplay between structural joint changes and pain-747 

related behaviors in female mice. 748 

 749 

Discussion 750 

In this study, we interrogated the independent and combinatory roles of the 751 

mechanosensitive ion channels Piezo1 and Piezo2 in post-traumatic osteoarthritis (OA) in male 752 

and female mice using an inducible, chondrocyte-specific, aggrecan-cre driver to knockout 753 

Piezo1, Piezo2, and both channels simultaneously in mice. Unlike prior studies that have 754 

focused on singular roles or shorter timelines for disease development, our work stands apart 755 

by providing a comprehensive analysis of these channels’ distinct and synergistic contributions 756 
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to OA progression, pain, and inflammation over an extended disease timeline. Our findings 757 

support the hypothesis that targeting the Piezo ion channels can attenuate OA progression and 758 

pain, providing insights into their contributions to joint pathology and potential therapeutic value. 759 

Piezo1 and Piezo2 demonstrated distinct and complementary roles in mediating cartilage 760 

integrity, inflammation, and pain behaviors. While Piezo1 deletion delayed the onset of pain 761 

progression, it ultimately resulted in severe cartilage degradation and heightened synovial 762 

inflammation, suggesting a dual role in both protective and pathogenic mechanotransduction. 763 

Piezo2 knockout, on the other hand, reduced pain behaviors but was not protective against 764 

cartilage damage in male and female mice. Most notably, the combined deletion of Piezo1 and 765 

Piezo2 provided protection against cartilage degeneration, synovitis, spontaneous pain, 766 

hyperalgesia, changes in hindlimb loading, and spontaneous activity, highlighting the synergistic 767 

functions of these channels and the power of targeting their overlapping mechanosensitive 768 

functions. Together, these results underscore the importance of Piezo ion channels in OA 769 

pathogenesis and support their individual and combinatory potential as therapeutic targets for 770 

addressing both structural and symptomatic aspects of the disease. 771 

Our findings highlight the protective effect of combined deletion of Piezo1 and Piezo2 in 772 

osteoarthritis (OA) progression, as evidenced by significantly lower Modified Mankin scores in 773 

the Piezo1/2 cKO group compared to both the control and single-knockout groups. This 774 

protection was observed in both male and female mice, with an additional sex-specific 775 

observation in female Piezo1/2 cKO mice, where the DMM limb did not develop significantly 776 

higher Modified Mankin scores than the contralateral limb. While the deletion of either Piezo1 or 777 

Piezo2 alone may lead to partial impairment in mechanical signaling, the presence of the other 778 

may be sufficient to sustain disease-driving mechanotransductive pathways.14 These results 779 

suggest that the Piezo1 and Piezo2 ion channels have overlapping functions and that 780 

eliminating both is necessary to mitigate the pathogenic mechanosensitive response in 781 
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chondrocytes, aligning with prior findings that both channels contribute to cartilage health under 782 

physiological loading.19 783 

While previous studies demonstrated that Piezo1 knockout alone is protective against 784 

OA onset,18,24-26 our findings challenge the current paradigm by showing that Piezo1 deletion, 785 

while possibly delaying pain progression, does not prevent severe cartilage degradation or 786 

inflammation by 12 weeks post-DMM surgery. Complementing previous studies that employed 787 

the ACLT model24,25 or an 8-week assessment period,26 we evaluated OA progression at 12 788 

weeks post-DMM surgery, a longer timeline that may reveal late-stage disease phenotypes. 789 

Additionally, our use of an aggrecan-cre driver, with induction at 12 weeks of age, to achieve 790 

chondrocyte-specific knockouts may differ from the Col2a1-cre25 or Gdf5-cre23 drivers employed 791 

by other groups. For example, Col2a1 expression decreases significantly after joint 792 

development in mice, and both Col2a1 and Gdf5 cre drivers may be expressed in other joint 793 

tissues.29,30 Together, these differences emphasize the importance of study design in 794 

interpreting the role of Piezo1 ion channels in OA. While Piezo1 deletion may delay the onset of 795 

cartilage degeneration, our findings suggest that it is insufficient to prevent long-term structural 796 

damage and pain phenotypes. 797 

The Piezo2 cKO genotype demonstrated the most severe cartilage damage in female 798 

mice, although not significant, as reflected by increased Modified Mankin scores. This 799 

observation is consistent with a prior study using the ACLT model, which also reported a lack of 800 

chondroprotection in Piezo2 cKO female mice.25 The increased cartilage degradation in Piezo2 801 

cKO mice may be partially attributed to compensatory upregulation and activation of Piezo1, as 802 

evidenced by our qPCR data. These findings underscore the distinct and sex-specific roles of 803 

Piezo2 in cartilage maintenance and suggest that the absence of Piezo2, coupled with active 804 

Piezo1, may worsen OA pathology.  805 

Interestingly, osteophyte formation was most pronounced in Piezo1 cKO male mice in 806 

our study. Although our findings were not significant, they provide an interesting contrast with 807 
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findings from a previous study that reported a significant reduction in osteophyte size with 808 

Piezo1 knockout using Col2a1-Cre mice.25 The differences between these findings may stem 809 

from variations in experimental design and evaluation methods. Brylka et al. utilized the ACLT 810 

model, assessed osteophytes at an earlier 8-week timepoint, and employed micro-computed 811 

tomography (µCT) to evaluate osteophyte formation.25 Information on their cre induction is not 812 

accessible so we are unable to compare to our methods. In contrast, our study used the DMM 813 

model, evaluated osteophytes at 12 weeks post-surgery, and relied on histological 814 

assessments, which may capture different aspects of osteophyte development. Our study also 815 

observed reduced osteophyte numbers in Piezo2 cKO mice, further underscoring the distinct 816 

roles of Piezo1 and Piezo2 in joint remodeling. Notably, Piezo1/2 cKO mice showed no 817 

significant increase in osteophyte formation when comparing the contralateral versus the DMM 818 

limb. This suggests that the deletion of Piezo1 and Piezo2 may mitigate osteophyte formation, 819 

possibly through the reduction of mechanosensitive signaling pathways involved in pathological 820 

bone remodeling. It is worth noting that female mice osteophyte numbers were consistent 821 

independent of genotype and surgery. These findings provide new insights into the roles of 822 

Piezo channels in regulating joint remodeling and highlight the importance of experimental 823 

context in interpreting osteophyte outcomes. 824 

Our results revealed that synovitis scores were significantly elevated in the DMM limbs 825 

compared to contralateral limbs across all genotypes, except in the Piezo1/2 cKO group. This 826 

suggests that the simultaneous deletion of Piezo1 and Piezo2 mitigates synovial inflammation, 827 

unlike the single knockouts where inflammation was prominent. Both Piezo1 and Piezo2 cKO 828 

groups displayed heightened synovitis scores, highlighting their individual contributions to the 829 

inflammatory response following joint injury. The elevated synovitis observed in Piezo2 cKO 830 

mice corresponds with their high Modified Mankin scores, further implicating Piezo1 in 831 

sensitizing chondrocytes to inflammatory signaling and promoting a feed-forward mechanism 832 

that exacerbates OA progression.17 This mechanism may explain the increased synovial 833 
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inflammation in the Piezo2 cKO group, where compensatory upregulation and activation of 834 

Piezo1 likely amplify the inflammatory response. In contrast, the Piezo1/2 cKO group exhibited 835 

no significant synovitis in their DMM limbs compared to contralateral limbs, suggesting that 836 

eliminating both channels disrupts the pathogenic signaling cascade and reduces synovial 837 

inflammation. Although cre recombination in synovial tissue is unlikely due to the absence of 838 

aggrecan expression in synovial fibroblasts or macrophages under normal conditions, our 839 

findings support a role for Piezo channels in modulating synovial inflammation, likely through 840 

cartilage-derived signaling pathways. The reduced synovitis scores in Piezo1/2 cKO mice, 841 

compared to elevated inflammation in single knockouts, indicate a functional role for Piezo-842 

mediated mechanotransduction in driving synovial responses following joint injury. Additionally, 843 

while our model does not permit direct interrogation of Piezo function in synovial cells, recent 844 

studies have demonstrated that Piezo1 is expressed in the synovium and may regulate 845 

inflammatory signaling and cell proliferation in response to mechanical loading.3,31 Exploring 846 

Piezo channel function specifically in the synovium remains an important future direction for 847 

understanding their contribution to joint inflammation. 848 

Our µCT analysis highlights the critical role of Piezo2 in bone structure and remodeling, 849 

with significant changes observed in bone volume/total volume (BV/TV), trabecular thickness, 850 

trabecular number, bone mineral density (BMD), medial tibial plateau thickness, and meniscus 851 

ossification in both contralateral and DMM limbs in male and female mice. These findings 852 

suggest that Piezo2 is essential for maintaining bone integrity, independent of joint injury or 853 

trauma. Interestingly, Piezo1/2 cKO mice displayed reduced medial tibial plateau thickness in 854 

both sexes, and female Piezo1/2 cKO mice also exhibited decreased BMD, further emphasizing 855 

the importance of Piezo2 in bone remodeling processes.  856 

The importance of Piezo channels in bone integrity is consistent with findings from 857 

previous studies. For example, Brylka et al. observed that Piezo1-Col2a1Cre mice exhibited a 858 

marked reduction in subchondral bone volume and trabecular bone, largely attributable to a 859 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2025. ; https://doi.org/10.1101/2025.05.22.655585doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.22.655585
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37

decrease in trabecular number.25 However, these effects were not observed in Piezo2-860 

Col2a1Cre mice, suggesting distinct roles for Piezo1 and Piezo2 in bone remodeling. Unlike the 861 

Brylka study, our analysis did not detect significant changes in bone structure in Piezo1 cKO 862 

mice, potentially due to differences in genetic drivers, injury models, or assessment methods, 863 

which we describe in more detail above. While the role of Piezo2 in bone biology remains 864 

largely unexplored, our findings are the first to identify Piezo2 as a key regulator of bone 865 

remodeling. This work also expands on existing literature that has firmly established Piezo1 as 866 

essential for bone growth and maintenance.32,33  867 

The distinct reductions in BV/TV, BMD, trabecular structure, tibial plateau thickness, and 868 

meniscal ossification, independent of surgery, in Piezo2 cKO mice may stem from impaired 869 

mechanotransduction in chondrocytes and other aggrecan-expressing cells, such as meniscus 870 

or bone progenitors, disrupting their ability to adapt to mechanical forces. This imbalance likely 871 

affects endochondral ossification, resulting in reduced bone structure and mineral density. Our 872 

data rule out changes in Piezo expression in the growth plate as a driving factor of the observed 873 

structural changes. These data underscore the importance of chondrocyte Piezo2 in regulating 874 

the adaptive response of bone to mechanical loading and highlight its potential as a therapeutic 875 

target for addressing bone changes associated with OA progression. Furthermore, as bone 876 

remodeling may influenced by altered joint loading secondary to pain responses, the effects of 877 

Piezo on bone may occur through multiple potential pathways. The findings also suggest that 878 

dual inhibition of Piezo1 and Piezo2 may further alter bone remodeling, necessitating careful 879 

consideration in the context of therapeutic development. 880 

The assessment of pain and behavior outcomes, including grimace scores, pressure-881 

pain hyperalgesia thresholds, and voluntary running activity, revealed distinct, genotype-882 

dependent responses following DMM surgery. Both Piezo2 cKO and Piezo1/2 cKO mice 883 

exhibited reduced pain behaviors, suggesting that Piezo2 plays a significant role in pain 884 

perception and sensitization, consistent with its established role in mechanosensation and pain 885 
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signaling in nociceptors.22 Despite severe cartilage degradation, synovial inflammation, and 886 

bone structural changes, Piezo2 cKO mice demonstrated lower pain scores and higher activity 887 

levels, while Piezo1/2 cKO mice showed the greatest reduction in pain, with grimace scores and 888 

hyperalgesia thresholds approaching baseline levels by 12 weeks post-DMM, indicating a 889 

potential protective effect against pain. In contrast, Piezo1 cKO mice exhibited increased pain 890 

scores and reduced activity, particularly in female mice, suggesting that Piezo1 may contribute 891 

to persistent pain after joint injury. 892 

Our time course analysis provided additional insights into OA pain progression, showing 893 

that changes in grimace scores and pain emerged as early as 4 weeks post-surgery in female 894 

mice, while significant changes in male mice were noted only at 12 weeks. Similarly, pressure-895 

pain hyperalgesia and tactile allodynia appeared at 4 weeks in female mice and 8 weeks in 896 

males. Load distribution changes were observed by 4 weeks in both sexes, but only Piezo1/2 897 

cKO males achieved complete resolution by 12 weeks. Changes in wheel running activity 898 

emerged at 12 weeks in both sexes. These findings highlight the importance of extended pain 899 

and activity measurements, supporting a minimum 12-week timeline to fully capture OA pain 900 

progression, consistent with prior studies.22,34,35 This study is among the first to comprehensively 901 

evaluate how simultaneous targeting of Piezo1 and Piezo2 impacts both structural and pain 902 

outcomes, providing a dual-target therapeutic rationale for OA management.  903 

Correlations between structural changes and pain behaviors highlighted the therapeutic 904 

relevance of addressing specific OA-related features. In male mice, these correlations 905 

emphasized the importance of targeting cartilage damage, synovitis, and osteophyte formation 906 

to alleviate pain, particularly in Piezo2 cKO mice. In Piezo1 cKO mice, synovitis appeared to 907 

play a central role in pain outcomes, suggesting that anti-inflammatory therapies could be 908 

effective in mitigating synovitis-driven pain. Conversely, the fewer correlations observed in 909 

female mice point to potential sex-specific biological mechanisms underlying degeneration and 910 

pain, underscoring the necessity of tailored treatment strategies. Interestingly, the Piezo1/2 cKO 911 
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genotype exhibited fewer correlations overall, suggesting the presence of compensatory 912 

mechanisms that may reduce the impact of joint damage. These findings underscore the 913 

potential for interventions that simultaneously address cartilage integrity, inflammation, and 914 

bone remodeling, while considering patient-specific differences, to enhance OA pain 915 

management. 916 

The observed sex-specific differences in cartilage damage and pain outcomes further 917 

highlight the distinct roles of Piezo channels in male and female joints, emphasizing the need for 918 

tailored therapeutic strategies. For instance, the heightened cartilage damage in female Piezo2 919 

cKO mice suggests that Piezo2-targeted therapies may require sex-specific optimization to 920 

achieve maximum efficacy. 921 

Our findings underscore the potential therapeutic value of targeting both Piezo1 and 922 

Piezo2 in OA. While Piezo1 inhibition alone did not prevent cartilage degradation or synovial 923 

inflammation, it may delay the onset and progression of pain and structural damage. 924 

Conversely, Piezo2 inhibition reduced pain and preserved activity levels but did not impact 925 

structural damage, potentially due to compensatory Piezo1 activation. The dual inhibition 926 

observed in Piezo1/2 cKO mice suggests that simultaneously targeting both channels could 927 

effectively mitigate cartilage damage and pain. These results support the development of Piezo 928 

channel inhibitors as promising disease-modifying OA drugs that address both structural and 929 

symptomatic aspects of the disease. 930 

While our study provides critical insights into the roles of Piezo1 and Piezo2 ion 931 

channels in OA, several limitations warrant consideration. First, we focused on a single surgical 932 

model of OA; validating these findings across additional injury and degeneration models would 933 

strengthen their generalizability. Second, we did not include sham-operated controls, which 934 

limits our ability to distinguish the short-term effects of surgery from those of DMM-induced 935 

degeneration. While previous studies have shown that sham surgery does not lead to OA in this 936 

model34,36, including sham groups in future studies would help isolate the specific contributions 937 
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of joint destabilization to the observed outcomes. Additionally, the use of genetic ablation 938 

models limits the translational relevance to pharmacological interventions. Future studies could 939 

address this by using pharmacological inhibitors or siRNA approaches to assess whether similar 940 

protective effects are observed. The precise mechanisms by which Piezo1 and Piezo2 influence 941 

synovitis, osteophyte formation, and pain also remain unclear. Investigating downstream 942 

signaling pathways in chondrocytes and synoviocytes will be essential for understanding their 943 

roles in OA pathogenesis. For example, exploring the link between Piezo channel activation and 944 

chondrocyte-mediated senescence could shed light on the mechanisms underlying cartilage 945 

protection in double knockout mice. 946 

An important point to consider in the interpretation of our study is that aggrecan is 947 

expressed in other tissues besides cartilage, such as perineuronal nets and dorsal root ganglia. 948 

We observed changes in RNA expression in the lung and brain in the Piezo2 and Piezo1 cKO 949 

mice, highlighting the importance of considering these off-target effects moving forward. As a 950 

result, the pain and behavior phenotypes observed, particularly in the Piezo2 cKO mice, may be 951 

influenced by off-target effects of aggrecan knockout in non-cartilage tissues. This broader 952 

expression could contribute to the altered pain sensitivity or behavior we observed, and future 953 

studies should explore other tissue-specific knockouts or different knockout mechanisms to 954 

better isolate the role of Piezo channels in cartilage. 955 

In summary, this work provides a multi-factorial and sex-specific analysis of Piezo1 and 956 

Piezo2’s roles in OA using innovate study designs to uncover findings that challenge existing 957 

paradigms in the field. Our comprehensive integration of structural, inflammatory, and pain data 958 

offers a unique insight of these channels’ contributions, paving the way for targeted, disease-959 

modifying therapeutics. Our findings suggest that Piezo1 and Piezo2 have overlapping and 960 

compensatory functions in maintaining joint health and understanding their interplay and 961 

integration with other mechanosensitive pathways, such as TRPV4, will be crucial for 962 
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developing targeted therapies that modulate mechanotransduction in OA without compromising 963 

normal joint function. 964 

 965 

Methods 966 

Generation of Conditional Knockout Mice 967 

All procedures were conducted in accordance with protocols approved by the Washington 968 

University in St. Louis Institutional Animal Care and Use Committee. To generate conditional 969 

knockout mice, (Agc)1tm(IRES-CreERT2) mice (B6.Cg-Acantm1(cre/ERT2)Crm/J, Jackson strain #019148) 970 

were crossed with Piezo1fl/fl mice (B6.Cg-Piezo1tm2.1Apat/J, Jackson strain #029213) and 971 

Piezo2fl/fl (B6(SJL)-Piezo2tm2.2Apat/J, Jackson strain #027720) mice to generate (Agc)1-972 

CREERT2;Piezo1fl/fl (Piezo1 cKO), (Agc)1-CREERT2;Piezo2fl/fl (Piezo2 cKO), (Agc)1-973 

CREERT2;Piezo1fl/fl Piezo2fl/fl (Piezo1/2 cKO), and Piezo1fl/fl Piezo2fl/fl (floxed) mice. Cre-negative 974 

littermates (floxed), served as controls. Genotyping was performed by Transnetyx (Cordova, 975 

TN). Following weaning, all animals were fed a 10% fat chow diet (PicoLab Rodent Diet 5053, 976 

LabDiet). Both male and female mice were included (n=10-15/genotype/sex). Tamoxifen 977 

(Sigma, St. Louis, MO, T5648) was administered intraperitoneally (100 mg/kg body weight in 978 

corn oil) for 5 consecutive days to induce Cre-mediated recombination, starting at 12 weeks of 979 

age. Both floxed control and transgenic mice received Tamoxifen. Mice were housed randomly 980 

with littermates in groups of 3–4 per cage. Functional Ca2+ imaging on isolated femoral condyles 981 

was performed two weeks post-induction, and further analyses were conducted 16 weeks post-982 

induction. 983 

Quantitative Polymerase Chain Reaction 984 

At 28 weeks of age, floxed, Piezo1 cKO, Piezo2 cKO, and Piezo1/2 cKO mice were euthanized, 985 

and the right hip cap was immediately harvested (n=6-10/genotype). The tissue was placed in 986 

RL buffer and processed for RNA isolation according to the manufacturer's protocol (48300; 987 
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Norgen Biotek, Thorold, ON, Canada). Reverse transcription was performed using the 988 

SuperScript VILO cDNA synthesis kit (11755500; Life Technologies, Carlsbad, CA, USA) 989 

following the manufacturer’s instructions. Quantitative polymerase chain reaction (qPCR) was 990 

conducted using FASTSybr (4385617; Applied Biosystems, Waltham, MA, USA) according to 991 

the manufacturer’s recommendations. The cycling conditions were: an initial denaturation at 992 

95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds, and 60°C for 60 seconds for 993 

annealing and extension. Gene expression fold changes were calculated relative to the floxed 994 

control group, using 18S ribosomal RNA as a reference gene. Data are reported as fold 995 

changes and calculated using the 2–∆∆Ct method. Statistical analysis was performed using a one-996 

way ANOVA with Tukey’s multiple comparisons test. Primer pairs for Piezo1 and Piezo2 were 997 

synthesized by Integrated DNA Technologies, Inc. 998 

Table 3. RT-PCR Primer sequence for Piezo Ion Channels 999 

Gene Description Primers 

R18s Housekeeper Gene F: CGGCTACCACATCCAAGGAA  

R: GGGCCTCGAAAGAGTCCTGT 

Piezo1 Murine Piezo1 F: GCTGGCGCCGGAAC 

R: 

GCGACTATAGAGATATCAACCACTTTG

T 

Piezo2 Murine Piezo2 F: 

ATACATTATACGAAGTTATTAGGTGGAT
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C 

R: 

CTCCTTCTCATGTTCTAGGACTCAGA 

 1000 

Immunohistochemistry 1001 

Murine cartilage sections were prepared for immunohistochemistry (IHC) using the following 1002 

protocol. Slides were baked at 60°C for 1 hour and allowed to cool before staining. Sections 1003 

were rehydrated by washing in xylene three times (5 minutes each), followed by 100% ethanol 1004 

(2 minutes), 50% ethanol (2 minutes), and two washes in distilled water (2 minutes each). 1005 

Boundaries around each section were drawn using a hydrophobic pen, and HistoReveal 1006 

(Abcam, Cambridge, UK, ab103720) was applied for 5 minutes. Slides were then washed twice 1007 

in 1X PBS (5 minutes each). A peroxidase blocking solution (3% hydrogen peroxide in 1008 

methanol) was prepared and applied to the slides for 30 minutes. Following another two washes 1009 

in 1X PBS, 2.5% goat serum (Vector Labs, #S-1012) was distributed to the sections and 1010 

incubated for 30 minutes to 1 hour. The PIEZO1 (Novus Biologicals, Centennial, CO, 78537) 1011 

and PIEZO2 (Novus Biologicals, 78624) primary polyclonal antibodies were then added, and 1012 

slides were incubated overnight in a cold room. After aspirating the primary antibody, sections 1013 

were washed three times with 1X PBS and 0.1% Tween 20 (5 minutes each). The secondary 1014 

antibody (ImmPRESS® HRP Goat Anti-Rabbit IgG Polymer Detection Kit, MP-7451) was diluted 1015 

as per the manufacturer's instructions and incubated on the sections for 45 minutes. Following 1016 

this, slides were washed three times in PBS and 0.1% Tween, then briefly rinsed with distilled 1017 

water. DAB Substrate Kit, Peroxidase (HRP), with Nickel, (3,3'-diaminobenzidine) (Vector, SK-1018 

4100) was prepared according to kit instructions and applied to sections for 7 minutes, followed 1019 

by a rinse with water. Hematoxylin was used for counterstaining, applied for 3 minutes and 1020 

rinsed in water. Finally, slides were dehydrated through sequential washes in water, 50% 1021 
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ethanol, and 100% ethanol, followed by a dip in xylene. Slides were then mounted using 1022 

Permount and glass cover slips and allowed to dry overnight in the hood. All sections were 1023 

imaged using an Olympus VS120 high-resolution slide scanner.  1024 

 1025 

Calcium Imaging 1026 

Floxed, Piezo1 cKO, Piezo2 cKO, and Piezo1/2 cKO mice were euthanized via CO₂ exposure 1027 

followed by cervical dislocation. Hindlimbs were carefully dislocated, and femora were isolated 1028 

by removing the surrounding muscle, ligament, and tendon tissues (n= 8-10). A custom imaging 1029 

rig was designed to stabilize the femoral condyles at a 10° angle at the bottom of a 35 mL well, 1030 

exposing the lower portion of the condyles for imaging (Supplemental Figure 7). The rig was 1031 

secured to the well using adhesive (E6000, Eclectic), and the cut portion of the femur was 1032 

adhered to the rig with the same adhesive. The samples were stained in staining solution 40 1033 

minutes prior to imaging. The staining solution consisted of 1.5 mL HBSS with 2.5% HEPES, 15 1034 

μL Sulfinpyrazone, 10 μL Fura Red prepared in 10 μL Pluronic Acid, and 10 μL Fluo4 prepared 1035 

in 10 μL Pluronic Acid. After aspiration of the staining solution, 1 mL of imaging buffer (HBSS 1036 

with 2.5% HEPES) was added to the well. Calcium imaging was performed using a Zeiss 1037 

Confocal Microscope equipped with a perfusion system. The femoral condyles were imaged 1038 

from below the perfusion chamber using a 10x objective and a 488 nm laser to capture Fluo4 1039 

and Fura Red signals. The imaging setup included a temperature-controlled environment set to 1040 

37°C. A syringe was used to manually introduce 20 µM Yoda1, a Piezo1 channel activator 1041 

(5586, Tocris), perfusion solution into the chamber after 160 seconds of baseline imaging. 1042 

Transmitted light imaging provided visualization of the condyles to track calcium signaling 1043 

indicative of Piezo channel activation.  1044 

 1045 

Calcium Signaling Data Analysis 1046 
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Image analysis was conducted using a custom ImageJ macro to segment individual 1047 

chondrocytes from the Fluo4 channel. A maximum Z-projection of Fluo4 images was used to 1048 

generate a mask, which was then applied to the original images to quantify the mean brightness 1049 

of each chondrocyte. Data from the Fura Red channel were processed similarly. Quantitative 1050 

analysis was performed using an R script. Fluorescence intensity was normalized to the 1051 

baseline average fluorescence for each cell. Cells were classified as responders if the 1052 

normalized brightness after Yoda1 perfusion exceeded the baseline brightness by more than 0.5 1053 

times the standard deviation. The percentage of responding cells was calculated for each 1054 

sample by dividing the number of responsive cells by the total number of cells analyzed. 1055 

Samples in which the joint shifted during imaging were excluded from analysis due to 1056 

segmentation inaccuracies. Statistical analysis was performed using one-way ANOVA to assess 1057 

differences between groups.  1058 

 1059 

Destabilization of the Medial Meniscus Surgery 1060 

Following the 3-week tamoxifen washout period, mice underwent Destabilization of the Medial 1061 

Meniscus (DMM) surgery on the left limb at 16 weeks of age, with the contralateral limb serving 1062 

as a control.34,37-40 Mice were anesthetized using isoflurane and maintained on heating pads for 1063 

thermoregulation. Perioperative analgesia was provided with a single dose of buprenorphine 1064 

sustained release formula (1 mg/kg). Hair was removed around the surgical site, and the area 1065 

was prepared aseptically with alternating iodine and 70% alcohol scrubs, followed by sterile 1066 

draping. A 3 mm longitudinal incision was made from the distal patella to the proximal tibial 1067 

plateau. The joint capsule was incised along the medial patellar tendon, and blunt dissection of 1068 

the fat pad was performed to expose the medial meniscotibial ligament. The ligament was 1069 

transected, resulting in destabilization of the medial meniscus and increased mechanical stress 1070 

on the joint. The joint capsule was sutured with 8-0 Vicryl (Johnson & Johnson, J401G), and the 1071 

skin was closed with tissue adhesive. The animals were monitored for three days to ensure 1072 
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wound healing. Animals were taken out to 28 weeks of age, 12 weeks post-DMM surgery, as the 1073 

end point.  1074 

 1075 

MicroCT Analysis 1076 

Following sacrifice, knee joints were fixed in 4% paraformaldehyde (PFA) for 48 hours. Fixed 1077 

joints were scanned using the Bruker Skyscan 1176 and 1276 microCT systems. Samples were 1078 

loaded onto a 20 mm bed and scanned with the following parameters: 0.5 mm aluminum filter, 9 1079 

µm resolution, and a binning of 2048 x 2048 pixels. Flatfield correction was performed prior to 1080 

scanning to ensure image quality. Scout scans were used to determine the start and end 1081 

positions for each sample scan, and scans were added to a batch for automatic execution. 1082 

Scans were acquired, and data were subsequently processed for quantitative analysis. Scans 1083 

were reconstructed using NRecon software (Bruker). Scan files were loaded, and dynamic 1084 

range was set to 0–0.1. Circular regions of interest (ROIs) were defined around the samples. 1085 

Reconstruction settings included a beam hardening correction of 25 and a ring artifact 1086 

correction of 4. Misalignment was adjusted as needed to minimize artifacts. The medial and 1087 

lateral tibial plateau regions were defined in CTAn, using the region from the end of the tibia up 1088 

to the growth plate. The analysis included the following key steps: thresholding to segment 1089 

cortical bone, despeckling to remove noise, shrink-wrapping to define the region of interest, and 1090 

various morphological operations to refine the segmentation and remove gaps. Bitwise 1091 

operations were used to select the bone cavity and exclude background. Finally, a histogram 1092 

analysis was performed to determine bone mineral density (BMD) within the region of interest, 1093 

and a 2D analysis was used for numerical measurements. Additionally, a custom processing 1094 

task list was created to isolate and measure the medial, lateral, and total ossified menisci of the 1095 

joints. The outcomes reported in this study included bone volume/total volume (BV/TV), bone 1096 

surface/volume (BS/BV), trabecular thickness, trabecular number, trabecular separation, and 1097 
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bone mineral density. Lastly, the thickness of the entire medial and lateral tibial plateau region 1098 

was measured and reported in the study.  1099 

 1100 

Histological Assessments of Joint Damage 1101 

Following microCT scanning, knee joints were decalcified for 48 hours using Cal-Ex II 1102 

Decalcifier Solution (Fisher Scientific, CS511), dehydrated, and embedded in paraffin using an 1103 

automated tissue processor (Leica Microsystems, ASP300S). Coronal sections (5 μm) were cut 1104 

using a microtome and baked at 60°C for one hour to ensure adherence to the slides. Sections 1105 

were stained with Safranin-O (Sigma-Aldrich, HT904-8FOZ) and Fast Green (Electron 1106 

Microscopy Sciences, #15500) to quantify cartilage degeneration according to the OARSI 1107 

histopathology standards, using the Modified Mankin Criteria.41 Additional sections were stained 1108 

with Hematoxylin (Fisher Scientific, NC9064721) and Eosin B (Sigma-Aldrich, #2853) to 1109 

evaluate synovitis, scored based on the Krenn criteria.27 All sections were imaged using an 1110 

Olympus VS120 high-resolution slide scanner. Joint damage (Modified Mankin score) (n=8-1111 

10/genotype), synovitis (n=9-20/genotype), and osteophyte (n=7-15/genotype) formation were 1112 

scored by three blinded graders, and the average score from the three graders is reported in 1113 

this study. 1114 

 1115 

Mouse Grimace Scale (MGS) Assessment 1116 

Pain-related behavior in male and female floxed control, Piezo1 cKO, Piezo2 cKO, and Piezo1/2 1117 

cKO mice was assessed using the Mouse Grimace Scale (MGS), a reliable and non-invasive 1118 

method to evaluate spontaneous pain (n=6-15/genotype/sex). The assessment followed the 1119 

established guidelines as described by Langford et al.28 Mice were observed in their home 1120 

cages without disturbance at the same time each day. Two blinded scorers independently 1121 

assessed the mice, and scores were averaged for analysis. The MGS evaluates key facial 1122 

features, including orbital tightening, nose bulge, cheek bulge, ear position, and whisker 1123 
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change, which are combined into a comprehensive score to quantify pain severity. Higher 1124 

scores indicate more severe pain-related behaviors. Assessments were performed prior to the 1125 

DMM surgery and at 4-, 8-, and 12-weeks post-surgery. Statistical analysis was performed using 1126 

a 1-way ANOVA to assess differences between groups.  1127 

 1128 

Pressure-Pain Hyperalgesia Assay 1129 

Male and female floxed control, Piezo1 cKO, Piezo2 cKO, and Piezo1/2 cKO mice were used 1130 

for the study. Pressure-pain hyperalgesia was assessed in both limbs using the Small Animal 1131 

Algometer (SMALGO) device (Bioseb) (n=6-15/genotype/sex). Pain measurements were taken 1132 

prior to destabilization of the medial meniscus (DMM) surgery and at 4-, 8-, and 12-weeks post-1133 

surgery before sacrifice. Both the surgical and contralateral limbs were evaluated to assess pain 1134 

sensitivity. To prevent tissue damage, a maximum threshold of 450 g was set during testing42. 1135 

The threshold for mouse tolerance was recorded for each measurement. For each limb, three 1136 

pressure measurements were taken by an individual blinded to the genotypes, and the results 1137 

were averaged to provide a representative score for analysis. Statistical analysis was performed 1138 

using a 2-way ANOVA to assess differences between limbs at each timepoint.40 1139 

 1140 

Electronic Von Frey (EVF) 1141 

Male and female floxed control, Piezo1 cKO, Piezo2 cKO, and Piezo1/2 cKO mice were used in 1142 

this study to measure tactile allodynia. Tactile sensitivity was assessed in both limbs using the 1143 

Electronic Von Frey (EVF) device (Bioseb) (n=6-15/genotype/sex). Pain measurements were 1144 

conducted prior to destabilization of the medial meniscus (DMM) surgery and at 4-, 8-, and 12-1145 

weeks post-surgery, with the 12-week time point corresponding to the sacrifice of the animals. 1146 

Both the surgical and contralateral limbs were evaluated to determine sensitivity to tactile 1147 

stimuli. The threshold for tactile response was recorded for each measurement. For each limb, 1148 

three measurements were taken by an individual blinded to the genotypes, and the results were 1149 
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averaged to provide a representative score for analysis. Statistical analysis was performed 1150 

using a 2-way ANOVA to assess differences between limbs at each time point.  1151 

 1152 

Static Weight Bearing 1153 

Static weight bearing was assessed in male and female floxed control, Piezo1 cKO, Piezo2 1154 

cKO, and Piezo1/2 cKO mice, before surgery and 4-, 8-, and 12-weeks post DMM (n=6-1155 

15/genotype/sex). Mice were weighed prior to the static weight bearing assessment to calculate 1156 

the percentage of force relative to body weight. For the assessment, mice were positioned in the 1157 

static weight bearing holder (Bioseb, EB2-BIO-SWB-M) with their front paws placed on the 1158 

slanted edge and their hind paws positioned flat on the bottom force plates. Once each animal 1159 

was properly positioned, the weight placed on each hind limb was recorded. For each mouse, 1160 

three recordings were taken, by an individual blinding to genotypes, and the results were 1161 

averaged for subsequent analysis. In this study, the percent force of each limb relative to body 1162 

weight was analyzed, and statistical comparisons were made between the experimental groups 1163 

using a 2-way ANOVA.  1164 

 1165 

Spontaneous Activity Wheel Assessment 1166 

Voluntary activity was assessed using wheel running in male and female floxed control, Piezo1 1167 

cKO, Piezo2 cKO, and Piezo1/2 cKO mice before surgery and at 4, 8, and 12 weeks post-DMM 1168 

(n=6-15/genotype/sex). Mice were housed individually in cages with unlimited access to a 1169 

running wheel (Bioseb, BIO-ACTIVW). To allow for acclimatization, mice were placed in the 1170 

cages 1 hour before the assessment began. A minimum threshold of 0.3 m was set prior to 1171 

starting the assessment, which began at the start of the dark cycle and continued for 18 hours. 1172 

Distance run was recorded and analyzed in this study. Statistical comparisons between 1173 

experimental groups at each timepoint were performed using a 2-way ANOVA.  1174 

 1175 
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Correlation Analysis Between Structural and Pain Assessments 1176 

To explore the relationship between structural joint changes and pain/behavior outcomes, 1177 

correlation analyses were conducted for both male and female mice (n = 6-10 per group for 1178 

each assessment). Structural measurements included the Modified Mankin Score, synovitis, 1179 

and osteophyte scores, which were correlated with pain and behavior assessments: Electronic 1180 

Von Frey (EVF), SMALGO (mechanical hypersensitivity), grimace score, percentage of load on 1181 

the DMM limb, and distance run. The analyses were performed using GraphPad Prism 1182 

software. For each correlation, we calculated the P value to determine statistical significance. If 1183 

the P value was below the significance threshold (P = 0.05), the R² value was reported to 1184 

quantify the strength and direction of the relationship between structural and pain assessments. 1185 

Data from both male and female mice were analyzed to investigate potential sex-specific 1186 

differences in correlations between structural joint degeneration and pain-related behavior. 1187 

 1188 

Statistical Analysis 1189 

Graphing and analysis were performed using GraphPad Prism 10 (GraphPad Software) with a 1190 

priori significance level (α) set at 0.05. We performed Shapiro-Wilk’s test for normality and 1191 

Levene’s test for equal variance of the data. Statistical analyses and the number of animals per 1192 

group for each experiment are detailed in the respective figure legends. Data are presented as 1193 

means ± SEM. Comparisons were made using one-way or two-way (genotype × surgery) 1194 

ANOVA, followed by Dunnett’s, Sidak’s, or Tukey’s post hoc tests, as appropriate. 1195 

 1196 

 1197 

  1198 
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Figures 1199 
 1200 

1201 
Figure 1. Validation of Piezo1 and Piezo2 Knockout and Functional Assessment.1202 
(A-C) Gene Expression Analysis: Quantitative PCR (qPCR) was performed on femoral condyle1203 
tissues from floxed (black), Piezo1 cKO (P1 cKO - purple), Piezo2 cKO (P2 cKO – pink), and1204 
Piezo1/2 cKO (P1/2 cKO – orange) mice at 28 weeks of age (n = 6-10/genotype). (A) Piezo11205 
expression was significantly reduced in Piezo1 cKO and Piezo1/2 cKO mice while Piezo2 cKO1206 
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mice showed elevated Piezo1 expression. (B) Piezo2 expression was significantly decreased in 1207 
Piezo2 cKO and Piezo1/2 cKO groups compared to controls and Piezo1 KO. Different letters 1208 
represent statistical significance (one-way ANOVA with Tukey’s test, p < 0.05). (C) RT-qPCR 1209 
cycle thresholds are shown for floxed control samples for r18s (housekeeping), Piezo1, and 1210 
Piezo2 (n = 4-8/group). (D) Immunohistochemistry: Immunohistochemical staining of PIEZO1 1211 
and PIEZO2 was performed in the femoral condyle cartilage of each genotype. In floxed control 1212 
mice, both PIEZO1 and PIEZO2 were expressed, while specific knockouts showed respective 1213 
reductions in expression, represented by brown DAB staining. (E) Calcium Imaging Analysis: 1214 
Functional knockout validation for Piezo1 was assessed by quantifying calcium response 1215 
following Yoda1 activation in chondrocytes. Piezo1 cKO and Piezo1/2 cKO mice demonstrated 1216 
significantly lower responder percentages compared to floxed controls, indicating effective 1217 
Piezo1 functional knockout. Different letters represent statistical significance (one-way ANOVA, 1218 
p < 0.05). (F) Representative confocal images of calcium signaling in chondrocytes for floxed, 1219 
Piezo1 KO, Piezo2 KO, and Piezo1/2 cKO genotypes after Yoda1 perfusion. Fluo-4 (green) 1220 
indicates calcium response. Scale Bar = 100μm. 1221 
 1222 
  1223 
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 1224 
Figure 2. Histological Assessment of Cartilage Degradation Following DMM Surgery. 1225 
(A, C) Representative images of coronal sections of the medial tibial plateau stained with 1226 
Safranin-O/Fast from the knee joints of floxed, Piezo1 KO, Piezo2 KO, and Piezo1/2 cKO male 1227 
(A) and female (C) mice at 12 weeks post-DMM surgery. Red indicates cartilage, with more 1228 
severe loss and lack of staining indicating greater cartilage degradation. (B, D) Quantification of 1229 
Modified Mankin Scores for male (B) and female (D) mice. Red circles indicate scores for the 1230 
DMM limb, while black circles represent the contralateral control limb. Data are presented as 1231 
means ± SEM (n = 8-17/genotype). Different letters indicate statistically significant differences 1232 
between groups based on a two-way ANOVA with Tukey’s multiple comparisons test (P < 0.05). 1233 
For male mice, P1 cKO exhibited the highest Modified Mankin scores, while Piezo1/2 cKO 1234 
showed partial protection against cartilage damage compared to other groups. For female mice, 1235 
Piezo2 cKO and Piezo1 cKO exhibited severe cartilage damage, whereas Piezo1/2 cKO 1236 
demonstrated a less pronounced increase in Modified Mankin scores, suggesting a potential 1237 
protective effect. Scale Bar = 100μm. 1238 
  1239 
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 1240 
Figure 3: Osteophyte Severity and Synovitis Scores in Male and Female Mice 12 Weeks 1241 
Post-DMM Surgery (A-H) Representative H&E (A, C, E, G) and Safranin-O/Fast Green (B, D, 1242 
F, H) stained sections of the medial tibial plateau regions are shown for floxed, Piezo1 cKO, 1243 
Piezo2 cKO, and Piezo1/2 cKO mice, highlighting synovitis severity and osteophyte formation. 1244 
(C, G) Synovitis scores were quantified using the Krenn criteria (n = 9-20/genotype). In male 1245 
mice (A,C), synovitis scores were significantly higher in DMM limbs compared to contralateral 1246 
limbs in Piezo2 cKO and floxed genotypes, while Piezo1 cKO and Piezo1/2 cKO exhibited 1247 
intermediate responses. In female mice (E,G), synovitis scores were higher in DMM limbs 1248 
across all genotypes, but Piezo1/2 cKO did not show a significant difference compared to 1249 
contralateral limbs.(D, H) Osteophyte numbers were quantified from Safranin-O/Fast Green 1250 
stained sections (n = 7-15/genotype). In male mice (D), osteophyte numbers were significantly 1251 
increased in DMM limbs of P1 cKO compared to contralateral limbs, while Piezo1/2 cKO 1252 
showed intermediate osteophyte numbers. No significant differences were observed in the other 1253 
genotypes. In female mice (H), osteophyte numbers were higher in DMM limbs across all 1254 
genotypes, but no significant differences were detected between groups or compared to 1255 
contralateral limbs. Data are presented as mean ± SEM, with red dots representing DMM limbs 1256 
and black dots representing contralateral limbs. Different letters indicate statistically significant 1257 
differences (P < 0.05) based on two-way ANOVA and Tukey’s multiple comparisons test. Scale 1258 
Bar = 200μm. 1259 
  1260 
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 1261 
Figure 4. MicroCT Analysis of Bone Parameters in Male and Female Mice Following DMM 1262 
Surgery. 1263 
Bone morphometric outcomes were assessed in male (A-G) and female (H-N) Floxed, Piezo1 1264 
cKO (P1 cKO), Piezo2 cKO (P2 cKO), and Piezo1/2 cKO (P1/2 cKO) mice at 12 weeks post-1265 
DMM. (A, H) Bone volume/total volume (BV/TV); (B, I) Bone surface/volume (BS/BV); (C, J) 1266 
Trabecular thickness (Tb.Th); (D, K) Trabecular number (Tb.N); (E, L) Trabecular separation 1267 
(Tb.Sp); (F, M) Bone mineral density (BMD); (G, N) Subchondral bone thickness (SBT) and 1268 
representative 3D models of tibial plateau trabecular bone architecture. Data represent mean ± 1269 
SEM (n=6-16/genotype/limb). Significant effects of genotype, surgery, and genotype-surgery 1270 
interaction were tested using two-way ANOVA. Different letters indicate statistically significant 1271 
differences (P < 0.05).  1272 
  1273 
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Figure 5. Pain and Activity Outcomes in Male and Female Mice 12-Weeks Post-DMM 1275 
Surgery.  1276 
Male (A) and female (B) Floxed, Piezo1 cKO (P1 cKO - purple), Piezo2 cKO (P2 cKO - pink), 1277 
and Piezo1/2 cKO (P1/2 cKO - orange) mice were assessed using the Mouse Grimace Scale 1278 
(MGS) at 12 weeks post-DMM surgery. Piezo2 cKO male mice exhibited higher pain scores 1279 
compared to floxed and Piezo1/2 cKO groups (P = 0.002) (A), while female Piezo1/2 cKO mice 1280 
had significantly lower pain scores compared to Piezo2 cKO mice (P = 0.037) (B). Pressure-1281 
pain hyperalgesia thresholds were evaluated using the SMALGO in both DMM (red) and 1282 
contralateral limbs (black) of male (C) and female (D) Floxed, Piezo1 cKO (P1 KO), Piezo2 cKO 1283 
(P2 KO), and Piezo1/2 cKO (P1/2 KO) mice 12 weeks post-DMM. A two-way ANOVA was used 1284 
for statistical analysis. All Piezo cKO male groups have significantly higher DMM thresholds 1285 
compared to floxed mice (C). In female mice, a Piezo2 cKO results in decreased thresholds 1286 
compared to all groups (D). Tactile allodynia thresholds were evaluated using the Electronic Von 1287 
Frey (EVF). All male groups had significantly lower DMM thresholds compared to contralateral 1288 
limbs, with no significant differences across genotypes (E). In female mice, Piezo1/2 cKO DMM 1289 
thresholds were significantly higher compared to floxed mice, indicating a protective effect (F). 1290 
Static weight bearing measurements were evaluated there were significant differences in weight 1291 
distribution across most genotypes, except for Piezo1/2 cKO male mice (G), highlighting the 1292 
persistent effects of DMM surgery in male and female mice (H). Voluntary wheel running 1293 
distances (in meters) were assessed and there was a significant difference in distance run male 1294 
groups at 12 weeks (P < 0.001) (I), where Piezo1/2 cKO mice exhibited significantly greater 1295 
activity compared to Piezo1 cKO and floxed controls. For female mice, no significant differences 1296 
were observed across genotypes at any timepoint, with all groups demonstrating comparable 1297 
recovery in running distances post-DMM surgery (J). The dashed lines represent baseline, pre-1298 
surgical, pain and activity measures of floxed mice (A-J). Statistics were run using either a one-1299 
way (A, B, I, J) or two-way (C-H) ANOVA followed by Tukey’s multiple comparisons test to 1300 
assess differences between genotypes and/or limbs (n=6-15/genotype/sex). Different letters 1301 
above bars indicate significant differences between groups (P < 0.05). Error bars represent 1302 
mean ± SEM.  1303 
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Abbreviations: 1304 
OA: Osteoarthritis 1305 
PTOA: Post-traumatic osteoarthritis 1306 
DMM: Destabilization of the Medial Meniscus  1307 
cKO: Conditional knockout 1308 
WT: Wildtype 1309 
SMALGO: Small animal algometer 1310 
EVF: Electronic on Frey 1311 
MGS: Mouse grimace scale 1312 
μCT: Micro-computed tomography 1313 
BV/TV: Bone volume/total volume 1314 
BS/BV: Bone surface/bone volume 1315 
Tb.Th: Trabecular thickness 1316 
Tb.N: Trabecular number 1317 
Tb.Sp: Trabecular separation 1318 
BMD: Bone mineral density 1319 
Ca2+: Calcium ion 1320 
ACLT: Anterior cruciate ligament transection 1321 
Acan: Aggrecan  1322 
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