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Abstract

Musculoskeletal pain is a significant burden affecting billions of people with little progress in the
development of pharmaceutical pain relief options. The mechanically-activated ion channel Piezo2
has been shown to play a role in mechanical sensitization; however there has been little progress
in examining therapeutics that target this molecule. The goal of this study was to assess the effect
of two FM-dyes, FM1-43 or FM4-64, in reducing acute inflammatory and osteoarthritis knee joint
pain in mice of both sexes. In our acute model of Complete Freund’s adjuvant (CFA)-induced joint
pain, mice intra-articularly injected with FM1-43 exhibited an attenuation of knee hyperalgesia 90
minutes following injection. In vivo calcium imaging of the dorsal root ganglion (DRG) also
demonstrated a reduction in nociceptor responses to mechanical forces applied to the knee joint of
CFA mice following FM-dye injection. Male and female WT mice subjected to partial medial
meniscectomy (PMX) surgery as a model of osteoarthritis developed more severe knee
hyperalgesia than nociceptor-specific Piezo2 conditional knock-out mice. Intra-articular injection
of FM1-43 reduced both knee hyperalgesia and weight-bearing asymmetry in this model and had
no effect in Piezo2 conditional knock-out mice. Finally, in mice with spontaneous osteoarthritis
associated with aging, intra-articular injection of FM-dyes also reduced knee hyperalgesia. In
conclusion, inhibiting Piezo2 genetically or pharmacologically was effective in reducing pain-
related behaviors in mice of both sexes in the setting of inflammatory and osteoarthritis knee pain.
These studies provide evidence of the therapeutic potential of targeting Piezo2 in musculoskeletal

pain conditions.
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Introduction

Globally 1.71 billion people suffer from musculoskeletal ailments ranging from
rheumatologic to orthopedic pain conditions [6]. Osteoarthritis (OA) is among the top 10 leading
causes of disability worldwide, affecting women more often than men [28]. Individuals with OA
often suffer from pain associated with movement and mechanical loading, such as stair climbing
and sit-to-stand tasks, indicating knee OA is highly mechanosensitive in nature [10,11,28].

The key cell type responsible for sensing noxious stimuli in the peripheral nervous system
is the nociceptor. Expression of ion channels enables nociceptors to respond to various chemical,
thermal and mechanical stimuli. In pathological states such as OA, nociceptors become sensitized,
resulting in amplified pain signals and the interpretation of normally innocuous stimuli as painful.
This peripheral sensitization is a hallmark of OA pain and contributes to the development of
chronic pain. Piezo2 is a nonselective cation channel that has been shown to play a role in the
mechanical sensitization of nociceptors when exposed to inflammatory conditions [9,27,33]. We
have previously demonstrated that genetic depletion of Piezo2 in nociceptors resulted in reduced
mechanical sensitization in models of inflammatory and OA knee pain [31]. However, whether
targeting Piezo2 pharmacologically could prove beneficial in reducing mechanically-evoked pain
in conditions like OA has yet to be tested.

To date there are no specific Piezo2 agonists or antagonists, and published work has
focused on increasing cell membrane stiffness or utilizing nonspecific inhibitors such as margaric
acid or GsMTx-4 [2,33,35]. Importantly, a recent report demonstrated that the cationic styryl dye,
FM1-43, and its derivative FM4-64, are selective for Piezo2 in vivo by demonstrating that the dye
is not taken up by nerve terminals in Piezo2 conditional knock-out mice [36]. It has been shown

that intraplantar injection of FM1-43 can increase mechanical withdrawal thresholds in mice
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[8,12], and evidence suggests that inhibitory actions of FM1-43 are produced as the dye passes
through the pore competing with cations for binding sites [13,24].

Therefore, the goal of the current study was to assess the inhibitory effect of FM-dyes in
acute inflammatory and chronic osteoarthritis knee joint pain in mice of both sexes, and to
determine whether this effect is mediated through Piezo2. We also aimed to determine whether
FM-dye injected into the knee joint is acting on nociceptors by assessing its effects during in vivo

calcium imaging of the DRG.

Methods
Animals

Mice were housed in a climate-controlled animal care facility at Rush University Medical
Center receiving food (Teklad Global 18% Protein Rodent Diet, Inotiv #2018) and water ad
libitum. Mice were on a 12hr light cycle from 7am-7pm. All procedures were approved by the
Rush and Northwestern University IACUC committees. Nav1.8-cre*-;tdTomato™*;Piezo2fV/f
(Piezo2cko), and Nav1.8-cre*;GCaMP6s™* (Nav1.8-GCaMP6) mice were bred at Rush
University Medical Center. Age-matched wild type (WT) C57BL/6 control mice were obtained
from Jackson Laboratories. For aging experiments, Nav1.8-cre;GCaMP6s-loxp;Piezo2-loxp or
Nav1.8-cre;tdTomato-loxp;Piezo2-loxp mice of mixed genotypes were bred and aged in house as

described below. For all experiments, cages were randomized to experimental condition.

FM-dye injections
FM1-43FX (Invitrogen F35355) and FM4-64FX (Invitrogen F34653) were prepared by

dissolving the dyes in sterile saline. FM1-43 and FM 4-64 are closely related structurally, with
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91  slight differences that result in different fluorescence emission spectra: FM1-43 emits in the GFP
92  range, while FM4-64 emits in the RFP range [3]. The uptake of both dyes has previously been
93  shown to be dependent on Piezo2 activity[36]. Therefore, we chose to use FM1-43 in mice that
94  would be expressing tdTomato, and FM4-64 in mice expressing GCaMP6 in order to avoid
95 interference based on the FM-dye emission.
96 Based on prior literature, which showed efficacy two hours following an intra-plantar
97 injection of 5 nmol FM1-43 to the hind paw [8,12], we first performed a dose-response study to
98  assess the effective dose for intra-articular (i.a.) injections and the proper testing time point. We
99 injected 0, 0.05, 0.5, 5, or 50 nmol of FM1-43 in 2.5 pL into the right knees of WT male mice
100 three days post Complete Freund’s adjuvant (CFA) injection, and measured knee hyperalgesia
101 before, and 0.5, 1.5, 3, 6, and 24 hours after injection (n=2 mice/dose). Both the 5 and 50 nmol
102 conditions reduced knee hyperalgesia, with a maximum reversal observed 90 min post FM
103  injection (Supplementary Figure 1), which was consistent with the prior literature [8,12]. From
104  this experiment, we decided to use an i.a. dose of 5 nmol in 2.5 pL and to evaluate mice 90 minutes
105  post FM injection for all subsequent behavior experiments.
106
107  Complete Freund'’s adjuvant (CFA) model of acute inflammatory knee pain
108 CFA (Millipore, 344289) (5 pL stock, n=4 female; n=4 male) or saline vehicle (5 pL, n=4
109  female; n=4 male) was intra-articularly (i.a.) injected into the right knees of 12-week old WT mice
110  of both sexes, as previously described [31]. Briefly, mice were placed under isoflurane anesthesia
111 and the right knee was shaved and the patellar tendon was visually located. A sub-patellar injection
112 was performed with a 30 G needle without any incision. Knee width was measured using a caliper.

113 To study knee hyperalgesia, FM-dye or vehicle injections began 3 days after model induction.
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114

115  PMX Surgery Model of OA Knee Pain

116 Partial medial meniscectomy (PMX) surgery was performed in male and female 12-week
117  old WT (n=4/sex for knee hyperalgesia; n=4 female and n=5 male for weight-bearing asymmetry)
118  or Piezo2cko (n=4/sex for knee hyperalgesia) mice as previously described [19,29]. WT sham-
119  operated mice were also used as a control (n=4/sex for knee hyperalgesia; n=4 female and n=>5 for
120  weight-bearing asymmetry). Mice were placed under isoflurane anesthesia (1-1.5% in O2) and
121 their right knees were shaved and sanitized with betadine. The joint capsule was opened, the medial
122 meniscotibial ligament was severed with a scalpel, and approximately 1/3 of the medial meniscus
123 was removed to induce joint destabilization. Sham surgery consisted of the joint capsule being
124  opened. In both cases, the joint capsule was closed via suture followed by closure of the skin
125 incision with suturing. No analgesics were provided post-operatively.

126 To study knee hyperalgesia, n=4 WT and Piezo2cko mice of each sex were used for PMX
127  or sham surgery, and FM-dye or vehicle injections began 8 weeks after surgery. On the first
128 injection day, mice were assessed for knee hyperalgesia (pre-injection reference). Following this
129  test, mice were randomly assigned to receive either vehicle or FM1-43 i.a. injection and assessed
130  again for knee hyperalgesia 90 minutes later. In order to reduce the number of animals needed for
131 this experiment in part due to the limited availability of Piezo2cko mice, we utilized a cross-over
132 design. Therefore, 4 days later mice were re-tested to establish a pre-injection withdrawal
133 threshold, and mice switched conditions such that those that originally received FM now received
134  vehicle and vice versa. Since the pre-injection values were similar for individual mice regardless

135  of the order of injection, data was combined for statistical analysis (Supplemental Figure 2A-C).
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136 To study weight bearing asymmetry, n=4 WT male mice and n=5 WT female mice were
137  used for PMX or sham surgery, and FM-dye or vehicle i.a. injections began 12 weeks after surgery.
138  Again, to reduce the numbers of mice needed, 2 days later mice were re-tested to establish a pre-
139  injection baseline, and mice switched conditions such that those that originally received FM now
140  received vehicle and vice versa. Since the pre-injection values were similar for individual mice
141 regardless of the order of injection, data was combined for statistical analysis. Following weight
142  bearing asymmetry testing, these mice were also used for horizontal ladder testing 2 days later.
143

144  Aging model

145 For studying the effects of Piezo2 depletion in nociceptors with age, Navl1.8-
146  cre;GCaMP6s-loxp;Piezo2-loxp or Nav1.8-cre;tdTomato-loxp;Piezo2-loxp mice were bred such
147  that the offspring would contain a mixture of genotypes. Mice that either did not have any copies
148  of Nav1.8-Cre present or did not have any copies of floxed Piezo2 present were considered ‘WT’.
149  Mice that had one or two copies of Navl.8-cre and one or two copies of Piezo2-loxp were
150 considered ‘Piezo2cko’ for this experiment, meaning that both Piezo2cko heterozygous and
151  Piezo2cko homozygous mice were used, as we have previously shown that both heterozygous and
152 homozygous Piezo2cko mice had a reduction in Piezo2 levels in Nav1.8+ neurons [31]. In total,
153  naive WT and Piezo2cko littermates of both sexes (Male: WT n=4, Piezo2cko n=6; Female: WT
154  n=6, Piezo2cko n=7) were left to age for 24 months, at which time knee hyperalgesia was evaluated
155  following i.a. injections of either FM1-43 or FM4-64 depending on if the genotype was tdTomato
156  or GCaMP6s, respectively.

157

158  Knee Hyperalgesia


https://doi.org/10.1101/2025.03.17.643683
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.17.643683; this version posted March 17, 2025. The copyright holder for this preprint
(which 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
available under aCC-BY-NC-ND 4.0 International license.

159 Knee hyperalgesia was assessed as previously described [25,31]. Mice were manually
160  restrained with the knee in flexion, and an experimenter blinded to condition was guided by
161  software to increase pressure on the right knee using an Ugo Basile PAM device. Once a pain
162  response was elicited (vocalization, head jerk, knee jerk, or muscle spasm), the trial was stopped,
163  and the responding force was recorded. If no pain response was elicited, the mouse received a
164  maximum score of 450 g. Two trials were conducted and then averaged to calculate the knee
165  withdrawal threshold.

166

167  Weight bearing asymmetry

168 Weight bearing asymmetry was assessed as previously described [31]. Briefly, one week
169  prior to testing mice were habituated to the task in a cage void of stimulus other than 20 strings of
170  various lengths half of which were baited with a Honey Nut Cheerio. After one hour, any mouse
171 pulling fewer than 15/20 strings were retrained within the same week. If the mice still failed after
172 retraining, they were dropped from the study; in this study one such mouse was dropped. The week
173 following training, mice were tested by a blinded individual for weight bearing asymmetry
174  utilizing a Bioseb static incapacitance device with a custom-built plexiglass open box chamber
175  (65mm x 140mm x 260mm). During the testing, a Cheerio baited string was draped over the top
176  of the chamber to assist in positioning the mouse to stand with one leg on each force sensor. When
177  the mouse was positioned appropriately and pulling on the string, a weight-bearing measurement
178  was taken with forces averaged over 2 seconds. Mice were measured three times, and an
179  asymmetry score (right leg grams - left leg grams) was calculated and averaged from the three
180 trials.

181
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182  Horizontal Ladder

183 Mice were placed on a horizontal ladder (60 cm in length) with evenly spaced bars (2 cm
184  apart) [1,23]. Mice were run across the ladder once and the number of slips of the right hind leg
185  was calculated from the beginning to the end point of the task from a video recording by a blinded
186  individual.

187

188  Invivo DRG calcium imaging

189 In vivo calcium imaging of the L4 DRG was conducted as previously described [18,26,31].
190 Nav1.8-GCaMP6 mice (n= 8 female; n=5 male) were i.a. injected with CFA. One day prior to
191  imaging mice were shipped to Northwestern University for in vivo two-photon imaging of the L4
192  DRG. All procedures were approved by Northwestern’s IACUC. Three days post injection of
193  CFA, mice were anesthetized with isoflurane anesthesia (1.5-2% in O2) and underwent a dorsal
194  laminectomy to expose the right-side L4 DRG. For the remainder of the imaging session, mice
195  were maintained under isoflurane anesthesia. To prevent the L4 DRG from drying, Silicone
196  elastomer (World Precision Instruments) was applied to the exposed tissue. A custom stage with
197  Narishige spinal clamps was used to elevate the mouse to prevent breathing artifacts. Once the
198  mouse was elevated, the stage was positioned under a Prairie Systems Ultima In Vivo two photon
199  microscope. Image acquisition was controlled using PrairieView software version 5.3 or version
200 5.5 with a Coherent Chameleon-Ultra2 Ti:Sapphire laser tuned to 920 nm. Prior to any stimulus
201  being applied the mouse was imaged for 30 frames as a baseline. A calibrated forceps instrument
202  was used to apply a mechanical stimulus of 100g to the medial-lateral aspect of the mouse knee
203  joint during imaging. After the first mechanical stimulus was applied, mice were injected with

204  FMA4-64 or vehicle (6 nmol in 3 pL) into the right knees. After 90 minutes had passed, 100g of
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205  force was applied again to the knee. For each 100g stimulus recording, the first 10 frames served
206  as a baseline, during the second set of 10 frames the mechanical stimulus was applied, and the
207  final 10 frames served as a post stimulus baseline. To analyze the videos a custom ImageJ macro
208  was used to quantify the changes in fluorescence over time

209  (https://mskpain.center/download_file/8dd82cc8-6¢lc-4e37-b466-279afabd6307/530) using the

210 formula AF/Fo, where Fo is the average intensity of the baseline period acquired without force.
211 The number of neurons responding to the force before and after the FM or vehicle injection were
212 manually identified by an individual blinded to conditions. Based on the area of the DRG imaged
213 and the prior calculated density of neurons, the total number of neurons imaged was extrapolated
214  [26,31]. Data were represented as the number of responding neurons / total number of neurons
215  imaged *100. Representative heatmaps depicting the AF/Fo for each responding neuron (column)
216  for each video frame (row) were generated using GraphPad Prism.

217

218  Knee Histology

219 Right knees from the weight-bearing experiment were placed in Zamboni’s fixative
220 overnight and washed the next day in DI water. Knees were decalcified for two weeks in 14%
221  EDTA and placed in sucrose until the tissue sunk. Knees were frozen in OCT on dry ice and
222  sectioned using a Cryostat with a CryoJane system at 20 um. Mid-joint knee sections were used
223 for Safranin-O or H&E staining, as previously described [29]. Safranin-O was used to quantify
224  cartilage degeneration, and H&E stained sections were used to score osteophyte width and
225  synovitis by a person blinded to treatment, as previously described [29,30].

226

227  Statistics

10
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228 All statistical analysis was performed in GraphPad Prism version 9 or 10. For behavioral
229 data, male and female results were pooled for analyses — individually labeled data points are
230  graphed for comparison purposes. For histological data, male and female results were evaluated
231  separately due to the known difference in structural joint damage that develops in male and female
232 mice [21,22]. For the CFA model, a two-way repeated measures ANOVA with Sidak’s multiple
233 comparisons test was used to assess knee hyperalgesia and knee swelling between saline and CFA
234 mice at baseline and at day 3 prior to FM injections; to compare a single condition’s (CFA or saline
235 treated) knee withdrawal response pre and post either vehicle or FM1-43, a paired two-tailed t-test
236 was utilized. For in vivo calcium imaging, a paired two-tailed t-test was used to compare the
237  percentage of responding neurons before and after vehicle or FM4-64 injection. For PMX knee
238  hyperalgesia, an ordinary one-way ANOVA with Tukey’s post hoc test was used to analyze the
239  difference between WT sham, WT PMX and Piezo2cko PMX 8 weeks after surgery for differences
240  in knee hyperalgesia. As with the CFA study, to compare a single group’s response pre and post
241  either FM1-43 or vehicle, a paired two-tailed t-test was utilized. For PMX weight-bearing, an
242 unpaired two-tailed Student’s t-test was used to assess differences between WT sham and PMX
243 mice for weight-bearing asymmetry, paired two-tailed t-tests were used to assess a single group’s
244 response pre and post either FM1-43 or saline. An unpaired two-tailed Student’s t-test was used to
245  compare aged mouse knee hyperalgesia between WT and Piezo2cko mice, and a paired two-tailed
246 t-test was used to assess pre vs post response to FM. Unless otherwise indicated, mean and standard
247  error of the mean (SEM) are presented.

248

249  Results

250 Injection of FM1-43 alleviates inflammatory knee pain in wild-type mice of both sexes

11


https://doi.org/10.1101/2025.03.17.643683
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.17.643683; this version posted March 17, 2025. The copyright holder for this preprint
(which 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
available under aCC-BY-NC-ND 4.0 International license.

251  To assess the effectiveness of FM1-43 in alleviating acute inflammatory knee pain, we used the
252  previously validated CFA intra-articular injection model [4,31]. Baseline knee withdrawal and
253  knee width measurements were established prior to induction of the model, and no differences
254  were observed in mice allocated to the CFA or saline groups (Figure 1A-C). By the morning of
255 day 3, male and female mice injected with CFA had a reduced knee withdrawal threshold
256 compared to mice injected with saline (p<0.0001, Figure 1B). Mice injected with CFA also had
257  increased knee width by day 3 compared to saline controls (p<0.0001, Figure 1C). CFA and saline-
258 injected mice were then allocated to vehicle or FM1-43 treatment groups. Treatments were intra-
259 articularly injected in the afternoon of day 3, and mice were evaluated for knee withdrawal
260 threshold 90 minutes after the injection. CFA mice injected with FM1-43 had an increased knee
261  withdrawal threshold compared to their morning test, indicating a reduction in knee hyperalgesia
262 (pre 287+12 g; post 406+3 g; p=0.0017, Figure 1D). In contrast, CFA mice injected with vehicle
263  had a trend toward a reduced withdrawal threshold from their morning test, indicating that they
264  developed more knee hyperalgesia (pre 331+15 g; post 30548 g; p=0.0759, Figure 1E). While
265  saline mice had not developed knee hyperalgesia by day 3 (Figure 1B), injection with FM1-43
266  slightly increased the knee withdrawal threshold (pre 414+3 g; post 42843 g; p=0.0026, Figure
267  1F), while vehicle injection slightly lowered the knee withdrawal threshold (pre 41942 g; post
268 4074 g; p= 0.0991, Figure 1G). Together these data suggest that FM1-43 injected locally can
269  reduce acute inflammatory knee pain with minimal effects observed when injected in a healthy
270  knee joint.

271

272 FM1-43 inhibits nociceptor responses to mechanical force applied to the knee in an acute

273 inflammatory pain model

12
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274  To assess whether FM1-43 had direct inhibitory actions on nociceptors in vivo, we conducted in
275  vivo calcium imaging of the knee-innervating L4 DRG using Nav1.8-GCaMP6 mice (Figure 2A).
276  For this experiment we again used the CFA acute knee pain model, as previous studies have shown
277  that local injection of CFA sensitizes sensory neurons as assessed by electrophysiology and
278  calcium imaging [4,7,17,39]. Here, since the mice were expressing GCaMP6s, the red dye FM4-
279 64 was used. During the imaging session, nociceptor responses to 100 g applied to the knee joint
280  were assessed before and 90 min after intra-articular injection of vehicle or FM4-64. CFA mice
281  injected with vehicle had an increase in the number of cells responding post injection to force
282  applied to the knee compared to pre-injection (p=0.0378, Figure 2B-D). Visually, more cells can
283  Dbe seen responding post injection in an imaging area compared to pre at a similar fluorescence
284  intensity (Supplemental Figure 3A-G). In contrast, CFA mice injected with FM4-64 during
285  imaging had a decrease in the number of neurons responding to force applied to the knee compared
286  to pre-injection knee pinch, suggesting that FM4-64 had reduced the responsiveness of nociceptors
287  to the mechanical stimulus (p=0.0016, Figure 2E-G). In a representative imaging area, fewer cells
288  can be seen responding after FM4-64 injection, and those cells still responding appear to respond
289 less intensely (Supplemental Figure 4A-G).

290

291  FM1-43 demonstrates efficacy in reducing knee hyperalgesia in PMX mice of both sexes

292 Based on the efficacy shown in the CFA model, we wanted to assess the role of FM1-43
293  in an OA mouse model, the PMX model, which induces joint damage and pain behaviors in both
294  sexes [15,19,21,29]. To this end we assessed the effectiveness and specificity of FM1-43 in
295  reducing OA pain in male and female WT and Piezo2cko mice subjected to PMX surgery (Figure

296  3A). By 8 weeks after PMX surgery, WT male and female mice had a lower knee withdrawal
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297  threshold compared to sham-operated mice, indicative of knee hyperalgesia (WT PMX: 313 +9
298  g; WT Sham: 412+5 g; p<0.0001, Figure 3B). Piezo2cko PMX male and female mice had less
299  knee hyperalgesia compared to WT PMX mice, as we have observed previously in another model
300 of OA [31], but the Piezo2cko mice still had a slightly lower knee withdrawal threshold compared
301  to WT sham mice (Piezo2cko PMX: 39045 g; p<0.0001 vs. WT PMX: 31349 g; p=0.0664 vs. WT
302  sham: 41245 g, Figure 3B). Intra-articular injection of FM1-43 increased the withdrawal threshold
303 in WT PMX mice compared to pre-injection (pre: 318 +6 g; post: 372+12 g; p=0.0063, Figure
304 3C), while saline injection had no effect (pre: 320 5 g; post: 319+7 g; p=0.9028, Figure 3D).
305  WT sham mice had less knee hyperalgesia to begin with, but FM injection caused a slight further
306  decrease in knee withdrawal threshold (pre: 419 +3 g; post: 41143 g; p=0.1312, Figure 3E), and
307  vehicle injection did as well (pre: 420 +2 g; post: 411+3 g; p=0.0544, Figure 3F). Unlike WT
308 PMX mice, Piezo2cko PMX mice displayed no change when injected with FM (pre: 39314 g;
309  post: 39643 g; p=0.4869, Figure 3G), and injection with saline also had no effect (pre: 389 +4 g;
310 post: 395 +3 g; p=0.3274, Figure 3H). These experiments suggest that FM1-43 can reduce local
311  knee mechanical hypersensitivity in a Piezo2-dependent manner.

312

313  FM1-43 demonstrates efficacy in reducing weight-bearing asymmetry in PMX mice of both sexes
314 In a new cohort of PMX mice, we further explored the efficacy of FM1-43 in reducing
315 non-evoked weight-bearing asymmetry, a translationally relevant behavior that develops in the
316 late-stage of the model (>10 weeks after surgery) [21,29]. Twelve weeks after surgery, baseline
317  weight bearing was conducted, and WT male and female mice were randomly assigned to receive
318  vehicle or FM1-43 (Figure 4A). PMX mice placed significantly less weight on their right limb

319 compared to sham mice 12 weeks after surgery (sham: 0.1+0.4 g; PMX: -24+0.3 g; p<0.0001,
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320  Figure 4B). When injected with FM1-43, PMX mice placed more weight on their right knee (pre:
321 -3%0.2 g; post: -0.6+0.4 g; p=0.0015, Figure 4C), while vehicle injection did not cause a change
322 inweight bearing (pre: -2+0.3 g; post: -240.6 g; p=0.8094, Figure 4D). Sham mice did not display
323  weight-bearing asymmetry to begin with (Figure 4E,F), and FM1-43 injection did not affect weight
324  bearing (pre: 0.140.4 g; post: -0.3+0.3 g; p=0.1325 Figure 4E). Likewise, vehicle injection also
325 did not cause a change in weight bearing in sham mice (pre: -0.1+0.4 g; post: -0.1+0.5 g;
326 p>0.9999, Figure 4F).

327 To assess whether motor coordination of these mice was impacted due to FM1-43 injection,
328  we performed a horizontal ladder test on this set of mice 13 weeks after PMX and sham surgery.
329  There were no significant differences in mice receiving FM1-43 or saline in motor coordination
330 (Supplemental Figure 5), indicating that intra-articular injection of FM1-43 did not cause
331 pronounced proprioceptive deficits.

332 Histopathology was assessed in the right knees 13 weeks after surgery (Supplemental
333  Figure 6A). As previously demonstrated, male PMX mice had more cartilage damage compared
334  to sham mice (sham: 0+0; PMX: 21+2; p<0.0001, Supplemental Figure 6B) [19,29]. Osteophyte
335  width and synovial pathology were higher in male PMX mice compared to sham as well (sham:
336 717; PMX: 265.2+21; p<0.0001, sham: 0.540.3; PMX: 6+0.5; p<0.0001, Supplemental Figure
337 6C-D). Females overall developed milder pathology compared to males, but PMX surgery still
338 induced increased cartilage damage, osteophyte width, and synovial pathology when compared to
339  female sham mice (sham: 0+0; PMX: 6+1; p=0.0006, sham: 0+0; PMX: 156+10; p<0.0001,
340 sham: 0.540.3; PMX: 6+1; p=0.0005, Supplemental Figure 6E-G).

341
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342 FM1-43/FM4-64 demonstrates efficacy in reducing knee hyperalgesia associated with
343  spontaneous OA in aged mice of both sexes

344 Male and female naive WT and Piezo2cko littermates were aged for 24 months, an age at
345  which they have been shown to develop primary age-associated knee OA[16,31]. At 24 months,
346 WT male mice had significantly more knee hyperalgesia compared to their Piezo2cko littermates
347  (WT: 23449 g; vs. Piezo2cko: 32848 g; p<0.0001, Figure 5A). After baseline testing, mice were
348 intra-articularly injected with FM1-43 or FM4-64 depending on their genotype and tested 90
349  minutes later. Mice expressing GCaMP6s were injected with the red FM4-64 dye, and td-Tomato
350 expressing mice were injected with the green FM1-43 dye. FM injection caused a significant
351 increase in knee withdrawal threshold compared to baseline in WT mice, indicating reduced knee
352  hyperalgesia (Pre: 23449 g; vs. Post: 351427 g; p=0.0112, Figure 5B). FM did not impact the
353  Piezo2cko mice from their baseline score (Pre: 32848 g; vs. Post: 35348 g; p=0.0866, Figure 5C).
354  Similar to male mice, female WT mice had a significantly lower knee withdrawal threshold when
355  compared to Piezo2cko littermates (WT: 272421 g; vs. Piezo2cko: 343416 g; p=0.0176, Figure
356  5D). FM injection also significantly increased the knee withdrawal threshold in female WT mice
357  (Pre: 272+21 g; vs. Post: 355+12 g; p=0.0007, Figure 5E), while FM did not significantly impact
358 the knee withdrawal of aged Piezo2cko mice (Pre: 343116 g; vs. Post: 360+7 g; p=0.3050, Figure
359  5F).

360

361  Discussion

362 Targeting Piezo2 via FM1-43 or FM4-64 in acute inflammatory and OA models of knee
363  joint pain reduced knee hyperalgesia and weight-bearing pain behaviors in mice of both sexes.

364  Through in vivo calcium imaging of the DRG, we showed that FM-dye injected into the knee joint
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365  reduced the responsiveness of nociceptors to mechanical force applied to the knee joint, supporting
366  the proposed mechanism of action that FM-dye acts as a permeant blocker as it is being taken up
367 through active Piezo2 ion channels in vivo. Here, we have also confirmed the selectivity of FM-
368  dyes for Piezo2 by demonstrating a lack of effect on knee hyperalgesia in nociceptor-specific
369  Piezo2cko mice. Finally, we demonstrated that local injection of FM1-43 did not cause any
370  observed adverse effects on motor coordination.

371 Our finding that FM1-43 can reduce acute inflammatory knee pain behavior in vivo is
372 consistent with prior literature showing that intraplanar injection of FM1-43 reduced pain behavior
373  caused by an inflammatory agonist [12]. Here, we provide evidence that local administration of
374  FM-dyes to the knee joint can reverse knee hyperalgesia associated with the CFA model of acute
375  knee pain in both male and female mice. Additionally, we demonstrate that intra-articular injection
376  of FM-dyes can transiently reverse knee hyperalgesia and weight-bearing asymmetry associated
377  with models of persistent OA knee pain, the PMX surgical model as well as aging-associated
378  spontaneous OA, in both male and female mice. Together these results support the use of locally
379  administered FM-dyes for inhibition of painful conditions, especially mechanically-driven pain
380 conditions, which may be of relevance for musculoskeletal and rheumatic disease models.

381 Inflammatory pain caused by local injection of CFA has been well established to induce
382  pain and increase spontaneous neuronal firing as assessed by electrophysiology and calcium
383  imaging [4,7,14,17,31]. FM1-43 is believed to pass through mechanosensitive ion channel pores
384  and inhibit cations such as calcium from entering [8,13,24]. Further, as assessed by in vitro
385 electrophysiology, it has been determined that FM1-43 is capable of reducing mechanically

386  activated currents in sensory neurons [8]. Our result contributes to the literature by suggesting
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387  FM1-43 inhibits intracellular Ca?* mobilization in nociceptors in vivo in response to mechanical
388  stimuli.

389 Previous literature has suggested a role of Piezo2 in inflammatory pain and sensitization in
390  both humans and in rodents [9,27,32,33]. Our own lab has published findings to this end by
391  demonstrating a reduction in CFA-induced pain behavior in female Piezo2cko mice as well as a
392  reduction in mechanical sensitization and weight-bearing asymmetry in the destabilization of the
393  medial meniscus (DMM) model of OA in male mice [31]. Here, we demonstrated that FM1-43
394  was effective in reversing knee hyperalgesia in WT male and female mice in the PMX model of
395  OA as well as in spontaneous OA with aging, whereas FM-dye had no effect in Piezo2cko mice,
396  supporting another recent report demonstrating an in vivo selectivity of FM1-43 for Piezo2 [36].
397 Piezo2 has been shown to be expressed by multiple types of sensory neurons, including
398  nociceptors, C-LTMRs, and proprioceptors in rodents and humans [5,9,31,34,38]. Therefore, as
399  has been observed with certain lines of Piezo2 conditional knock-out mice, injection of FM1-43
400 has the potential to disrupt sensory neuron processes important for proprioception in addition to
401  reducing pain [34,38]. Here, as assessed by the horizontal ladder test, we did not detect any adverse
402  effects on mouse movements following intra-articular injection of FM1-43.

403 In this proof-of-concept study with FM-dyes, we focused on an intra-articular route of
404  administration, which was shown to have a transient effect on the pain-related behaviors examined,
405  and no immediate structural effects in the joint were noted. Long-term effects of the dye are beyond
406  the scope of the current work, and future work should focus on further development to increase
407  the duration of its effects. However, we have previously demonstrated that Piezo2cko mice

408  develop joint damage comparable to WT mice in both surgical and aging models of OA, providing
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409  some evidence that blocking Piezo2 on nociceptors may not be deleterious to the joint, a lingering
410  concern in the field following the anti-NGF clinical trials [20,31].

411 Targeting Piezo2 pharmacologically has been a critical need in the field of research.
412  Currently, selective options for blocking Piezo2 do not exist. Dyes have a history of being
413 successful in the development of new therapeutics. Prontosil, an azo dye, was used to develop
414  sulfanilamide in the 1940s and its founder was awarded the Nobel prize in Medicine for its
415  discovery [37]. Furthermore, drugs for treating schizophrenia, depression, anxiety, allergies, and
416 malaria were also developed from dyes [37]. Evidence from our study suggests that
417  pharmacological targeting of Piezo2 with FM styryl dyes is effective in reducing both acute
418 inflammatory and persistent OA knee pain suggesting that Piezo2 may represent a target for OA
419  analgesic drugs.
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Figure Legends

Figure 1. Intra-articular injection of FM1-43 reverses knee hyperalgesia in the CFA model of
acute knee pain. A) Experimental timeline. B) Knee withdrawal threshold before and 3 days after
i.a. injection of CFA (5 pL of stock) or vehicle. Two-way repeated measures ANOVA with Sidak’s
multiple comparisons test. C) Knee width measurement of the mice before and 3 days after i.a.
injection of CFA or vehicle. Two-way repeated measures ANOVA with Sidak’s multiple
comparisons test. D-G) Mice in the CFA and Vehicle conditions were sub-divided into vehicle and
FM1-43 groups. Knee withdrawal threshold numbers before the second injection are marked here
as ‘pre’ and are the same as the Day 3 values plotted in B. They are re-plotted here for ease of
comparison with the post FM1-43 (5 nmol in 2.5 pL) or vehicle (2.5 pL) injection. D) Knee
withdrawal threshold of Saline mice before and 90 min after i.a. injection of vehicle (n=2 female;
n=2 male). E) Knee withdrawal threshold of Saline mice before and 90 min after i.a. injection of
FM1-43 (n=2 female; n=2 male). F) Knee withdrawal threshold of CFA mice before and 90 min

after i.a. injection of vehicle (n=2 female; n=2 male). G) Knee withdrawal threshold of CFA mice
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564  before and 90 min after i.a. injection of FM1-43 (n=2 female; n=2 male). Paired two-tailed t-tests.
565 B-G) Each dot represents an individual mouse. Female = purple; Male = green.

566

567  Figure 2. In vivo DRG calcium imaging demonstrates that i.a. injection of FM4-64 reduces the
568  number of neuronal responses to force applied to the knee joint of mice 3 days after CFA induction
569 inthatknee. A) Experimental design. Mice were injected at Rush University with CFA (5ul stock)
570  then shipped to Northwestern University where in vivo calcium imaging occurred 3 days post
571 injection. B) The number of responding neurons in the L4 DRG normalized to the total number of
572  neurons imaged before and after i.a. vehicle injection (5 pL). Paired two-tailed t-test. C,D)
573  Representative heatmaps from the mouse marked with a star in B, depicting the AF/Fo values for
574  each frame (row) for each responding neuron (column), Before (C) and 90 min after (D) i.a. vehicle
575 injection. E) The number of responding neurons in the L4 DRG normalized to the total number of
576  neurons imaged before and after i.a. FM4-64 injection (5 nmol in 2.5 uL). Paired two-tailed t-test.
577  F,G) Representative heatmaps from the mouse marked with a star in E, depicting the AF/Fo values
578  for each frame (row) for each responding neuron (column), Before (F) and 90 min after (G) i.a.
579  FM4-64 injection. Purple = female; Green = male.

580

581  Figure 3: Intra-articular injection of FM1-43 reverses knee hyperalgesia in the PMX model. A)
582  Experimental design. A cross-over study design was used such that mice initially were divided
583 into vehicle and FM1-43 groups for an injection on day 2; on day 6 mice received the opposite
584 injection from day 2. B) Knee withdrawal threshold 8 weeks post PMX or sham surgery. One-way
585  ANOVA with Tukey’s post test. C-H) Plots show data combined from day 2 and day 6 injection

586  tests. C) Knee withdrawal threshold of WT PMX mice before and 90 min after i.a. injection of
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587 FM1-43 (n=4 female; n=4 male). D) Knee withdrawal threshold of WT PMX mice before and 90
588  min after i.a. injection of vehicle (n=4 female; n=4 male). E) Knee withdrawal threshold of WT
589  sham mice before and 90 min after i.a. injection of FM1-43 (n=4 female; n=4 male). F) Knee
590  withdrawal threshold of WT sham mice before and 90 min after i.a. injection of saline vehicle (n=4
591  female; n=4 male). G) Knee withdrawal threshold of Piezo2cko PMX mice before and 90 min after
592 i.a. injection of FM1-43 (n=4 female; n=4 male). H) Knee withdrawal threshold of Piezo2cko
593 PMX mice before and 90 min after i.a. injection of vehicle (n=4 female; n=4 male). Paired two-
594  tailed t-tests. C-H) Each dot represents an individual mouse. Female = purple; Male = green.

595

596  Figure 4. Intra-articular injection of FM1-43 reverses Weight-bearing deficits in the PMX model.
597 A) Experimental timeline. B) Weight bearing asymmetry 12-weeks after WT PMX or sham
598  surgery. Unpaired Student’s t-test. C-F) A cross-over study design was used such that mice initially
599  were divided into vehicle and FM1-43 groups for an injection on day 1; on day 3 mice received
600  the opposite injection from day 1. Plots show data combined from day 1 and day 3 injection tests.
601  C) Weight bearing asymmetry of WT PMX mice before and 90 min after i.a. injection of FM1-43
602  (n=4 female; n=5 male). D) Weight bearing asymmetry of WT PMX mice before and 90 min after
603 i.a. injection of vehicle (n=4 female; n=5 male). E) Weight bearing asymmetry of WT sham mice
604  before and 90 min after i.a. injection of FM1-43 (n=4 female; n=5 male). F) Weight bearing
605  asymmetry of WT sham mice before and 90 min after i.a. injection of saline vehicle (n=4 female;
606  n=5 male). Paired two-tailed t-tests. C-F) Each dot represents an individual mouse. Female =
607  purple; Male = green.

608
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609  Figure 5: Intra-articular injection of FM-dye reverses knee hyperalgesia in aged mice. A) Knee
610  withdrawal threshold of male 24-month-old Piezo2cko and WT mice pre-injection. Student’s two-
611  tailed t-test. B) Knee withdrawal threshold of male WT aged mice pre and post FM. C) Knee
612  withdrawal threshold male Piezo2cko mice pre and post FM. B-C) Paired two-tailed t-test. D)
613  Knee withdrawal threshold of Female 24-month-old Piezo2cko and WT mice pre-injection.
614  Student’s two-tailed t-test. E) Knee withdrawal threshold of female WT aged mice pre and post
615 FM. F) Knee withdrawal threshold female Piezo2cko mice pre and post FM. E-F) Paired two-
616 tailed t-test. Each dot represents an individual mouse.

617

618  Supplemental Figure 1. Pilot experiment to establish the dose and timing of FM1-43 i.a.
619  injections. Data demonstrating the dose response and time course of intra-articular FM1-43
620  reversal of knee hyperalgesia on day 3 of the CFA model in C57BL/6 male mice (n=2 mice per
621 dose). Mean and standard deviation depicted in the graph.

622

623  Supplemental Figure 2. Baseline comparison across days. A cross-over study design was used
624  such that mice initially were divided into vehicle and FM1-43 groups for an injection on day 2; on
625 day 6 mice received the opposite injection from day 2. A) Knee withdrawal threshold every
626  morning prior to injection WT sham mice. B) Knee withdrawal threshold every morning prior to
627 injection WT PMX mice. C) Knee withdrawal threshold every morning prior to injection
628  Piezo2cko PMX mice. A-C) Repeated measures one-way ANOVA with Tukey’s post test. Each
629  dot represents an individual mouse. Female = purple; Male = green. Star points indicate a mouse
630  receiving FM1-43 that afternoon. Mean and SEM depicted.

631
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632  Supplemental Figure 3: Representative images of a vehicle mouse response pre and post
633  injection. A) Pre-injection baseline. B) Pre-injection response to 100 g mechanical force applied
634  to the knee. C) Line chart of change in fluorescence of responding neurons to force stimulation in
635  B. Frames 0-9: baseline, 10-19: 100g force, 20-30: post stimulation. E) Post-injection baseline. F)
636  Post injection response to 100 g mechanical force applied to the knee. G) Line chart of change in
637  fluorescence of responding neurons to force stimulation in F. Frames 0-9: baseline, 10-19: 100g
638  force, 20-30: post stimulation. Yellow arrows point to examples of responding neurons.

639

640  Supplemental Figure 4: Representative images of FM4-64 mouse response pre and post injection.
641  A) Pre-injection baseline. B) Pre injection response to 100 g mechanical force applied to the knee.
642  C) Line chart of change in fluorescence of responding neurons to force stimulation in B. Frames
643  0-9: baseline, 10-19: 100g force, 20-30: post stimulation. E) Post-injection baseline. F) Post
644  injection response to 100 g mechanical force applied to the knee. G) Line chart of change in
645  fluorescence of responding neurons to force stimulation in F. Frames 0-9: baseline, 10-19: 1009
646  force, 20-30: post stimulation. Yellow arrows point to examples of responding neurons.

647

648  Supplemental Figure 5. Assessment of limb accuracy by horizontal ladder test in WT PMX and
649  Sham mice post vehicle or FM injection. One-way ANOVA with Tukey’s multiple comparisons
650 test. Each dot represents an individual mouse. Female = purple; Male = green. Mean and SEM
651  depicted.

652

653  Supplemental Figure 6. Knee histology of PMX mice. A) Representative images of H&E and

654  Safranin-O staining of male and female PMX and sham knees. B) Male PMX cartilage degradation
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655  score as assessed by Safranin-O staining. C) Male osteophyte width scoring as assessed by H&E
656  stain. D) Male synovial pathology. E) Female PMX cartilage degradation score as assessed by
657  Safranin-O staining. F) Female osteophyte width scoring as assessed by H&E stain. G) Female
658  synovial pathology. B-G) unpaired two-tailed t-test. Each dot represents an individual mouse.
659  Mean and SEM depicted.

660
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Figure 1. Intra-articular injection of FM1-43 reverses knee hyperalgesia in the CFA model of acute knee pain. A)
Experimental timeline. B) Knee withdrawal threshold before and 3 days after i.a. injection of CFA (5 pL of stock)
or vehicle. Two-way repeated measures ANOVA with Sidak’s multiple comparisons test. C) Knee width
measurement of the mice before and 3 days after i.a. injection of CFA or vehicle. Two-way repeated measures
ANOVA with Sidak’s multiple comparisons test. D-G) Mice in the CFA and Vehicle conditions were sub-divided
into vehicle and FM1-43 groups. Knee withdrawal threshold numbers before the second injection are marked
here as ‘pre’ and are the same as the Day 3 values plotted in B. They are re-plotted here for ease of comparison
with the post FM1-43 (5 nmol in 2.5 pL) or vehicle (2.5 pL) injection. D) Knee withdrawal threshold of Saline
mice before and 90 min after i.a. injection of vehicle (n=2 female; n=2 male). E) Knee withdrawal threshold of
Saline mice before and 90 min after i.a. injection of FM1-43 (n=2 female; n=2 male). F) Knee withdrawal
threshold of CFA mice before and 90 min after i.a. injection of vehicle (n=2 female; n=2 male). G) Knee
withdrawal threshold of CFA mice before and 90 min after i.a. injection of FM1-43 (n=2 female; n=2 male).
Paired two-tailed t-tests. B-G) Each dot represents an individual mouse. Female = purple; Male = green.
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Figure 2. In vivo DRG calcium imaging demonstrates that i.a. injection of FM4-64 reduces the number of
neuronal responses to force applied to the knee joint of mice 3 days after CFA induction in that knee. A)
Experimental design. Mice were injected at Rush University with CFA (5ul stock) then shipped to Northwestern
University where in vivo calcium imaging occurred 3 days post injection. B) The number of responding neurons in
the L4 DRG normalized to the total number of neurons imaged before and after i.a. vehicle injection (5 pL).
Paired two-tailed t-test. C,D) Representative heatmaps from the mouse marked with a star in B, depicting the
AF/Fo values for each frame (row) for each responding neuron (column), Before (C) and 90 min after (D) i.a.
vehicle injection. E) The number of responding neurons in the L4 DRG normalized to the total number of neurons
imaged before and after i.a. FM4-64 injection (5 nmol in 2.5 pL). Paired two-tailed t-test. F,G) Representative
heatmaps from the mouse marked with a star in E, depicting the AF/Fo values for each frame (row) for each
responding neuron (column), Before (F) and 90 min after (G) i.a. FM4-64 injection. Purple = female; Green =
male.
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Figure 3: Intra-articular injection of FM1-43 reverses knee hyperalgesia in the PMX model. A) Experimental
design. A cross-over study design was used such that mice initially were divided into vehicle and FM1-43
groups for an injection on day 2; on day 6 mice received the opposite injection from day 2. B) Knee
withdrawal threshold 8 weeks post PMX or sham surgery. One-way ANOVA with Tukey’s post test. C-H)
Plots show data combined from day 2 and day 6 injection tests. C) Knee withdrawal threshold of WT PMX
mice before and 90 min after i.a. injection of FM1-43 (n=4 female; n=4 male). D) Knee withdrawal threshold
of WT PMX mice before and 90 min after i.a. injection of vehicle (n=4 female; n=4 male). E) Knee withdrawal
threshold of WT sham mice before and 90 min after i.a. injection of FM1-43 (n=4 female; n=4 male). F) Knee
withdrawal threshold of WT sham mice before and 90 min after i.a. injection of saline vehicle (n=4 female;
n=4 male). G) Knee withdrawal threshold of Piezo2cko PMX mice before and 90 min after i.a. injection of
FM1-43 (n=4 female; n=4 male). H) Knee withdrawal threshold of Piezo2cko PMX mice before and 90 min
after i.a. injection of vehicle (n=4 female; n=4 male). Paired two-tailed t-tests. C-H) Each dot represents an
individual mouse. Female = purple; Male = green.
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Figure 4. Intra-articular injection of FM1-43 reverses Weight-bearing deficits in the PMX model. A)
Experimental timeline. B) Weight bearing asymmetry 12-weeks after WT PMX or sham surgery.
Unpaired Student’s t-test. C-F) A cross-over study design was used such that mice initially were divided
into vehicle and FM1-43 groups for an injection on day 1; on day 3 mice received the opposite injection
from day 1. Plots show data combined from day 1 and day 3 injection tests. C) Weight bearing
asymmetry of WT PMX mice before and 90 min after i.a. injection of FM1-43 (n=4 female; n=5 male).
D) Weight bearing asymmetry of WT PMX mice before and 90 min after i.a. injection of vehicle (n=4
female; n=5 male). E) Weight bearing asymmetry of WT sham mice before and 90 min after i.a.
injection of FM1-43 (n=4 female; n=5 male). F) Weight bearing asymmetry of WT sham mice before
and 90 min after i.a. injection of saline vehicle (n=4 female; n=5 male). Paired two-tailed t-tests. C-F)
Each dot represents an individual mouse. Female = purple; Male = green.
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Figure 5: Intra-articular injection of FM dye reverses knee hyperalgesia in aged mice. A) Knee
withdrawal threshold of male 24-month-old Piezo2cko and WT mice pre-injection. Student’s two-
tailed t-test. B) Knee withdrawal threshold of male WT aged mice pre and post FM. C) Knee

withdrawal threshold male Piezo2cko mice pre and post FM. B-C) Paired two-tailed t-test. D)
Knee withdrawal threshold of Female 24-month-old Piezo2cko and WT mice pre-injection.

Student’s two-tailed t-test. E) Knee withdrawal threshold of female WT aged mice pre and post
FM. F) Knee withdrawal threshold female Piezo2cko mice pre and post FM. E-F) Paired two-
tailed t-test. Each dot represents an individual mouse.
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