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Objective. Mesenchymal stem/stromal cells (MSCs) and MSC-derived extracellular vesicles (MSC-EVs) have been
reported to alleviate pain in patients with knee osteoarthritis (OA). We undertook this study to determine whether MSCs
and/or MSC-EVs reduce OA pain through influencing sensory neuron excitability in OA joints.

Methods. We induced knee OA in adult male C57BL/6J mice through destabilization of the medial meniscus (DMM)
surgery. Mice were sorted into 4 experimental groups with 9 mice per group as follows: unoperated sham, untreated
DMM, DMM plus MSC treatment, and DMM plus MSC-EV treatment. Treated mice received either MSCs at week
14 postsurgery or MSC-EVs at weeks 12 and 14 postsurgery. Mouse behavior was evaluated by digging and rotarod
tests and the Digital Ventilated Cage system. At week 16, mouse knee joints were harvested for histology, and dorsal
root ganglion (DRG) neurons were isolated for electrophysiology. Furthermore, we induced hyperexcitability in DRG
neurons in vitro using nerve growth factor (NGF) then treated these neurons with or without MSC-EVs and evaluated
neuron excitability.

Results. MSC- and MSC-EV–treated DMM-operated mice did not display pain-related behavior changes
(in locomotion, digging, and sleep) that occurred in untreated DMM-operated mice. The absence of pain-related
behaviors in MSC- and MSC-EV–treated mice was not the result of reduced joint damage but rather a lack of knee-
innervating sensory neuron hyperexcitability that was observed in untreated DMM-operated mice. Furthermore, we
found that NGF-induced sensory neuron hyperexcitability is prevented by MSC-EV treatment (P < 0.05 versus
untreated NGF-sensitized neurons when comparing action potential threshold).

Conclusion. MSCs and MSC-EVs may reduce pain in OA by direct action on peripheral sensory neurons.

INTRODUCTION

Osteoarthritis (OA) is a debilitating musculoskeletal disease

affecting ~300 million people worldwide (1). Chronic pain is the

primary OA symptom, and poorly managed OA pain can limit joint

function (2), reduce quality of life (e.g., compromised sleep quality

[3]), and lead to long-term disability (4). Unfortunately, current

pharmacologic treatments for OA pain (e.g., nonsteroidal antiin-

flammatory drugs and opioids) fail to provide sufficient pain relief

and are often associated with unwanted side effects following

chronic use (5). Therefore, managing OA pain remains challenging

and requires the development of disease-specific analgesics to

address this unmet clinical need.
Peripheral nociceptive input is a major contributor to OA pain

as demonstrated by reduced pain in OA patients following intraar-

ticular injections of the local anesthetic lidocaine (6) and loss of

peripheral nociceptive input following total knee replacement,

although pain persists in some patients (7). Moreover, in rodents,

specific inhibition of nociceptor activity with the quaternary anes-

thetic QX-314 ameliorated early OA pain (8), and we have previ-

ously shown that inflammatory joint pain drives changes in

behavior that can be reversed through chemogenetic inhibition
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of knee-innervating sensory neurons in mice (9). Furthermore, in
the monoiodoacetate model of OA in rats, extracellular electro-
physiologic recordings of knee-innervating neurons show that
they become sensitized early after disease onset (from day 3)
and that this is maintained, whereas bone-innervating afferents
only become sensitized later in the disease course (day 28) (10).

Studies have identified several key molecules that are
thought to be involved in OA pain development and can be devel-
oped as disease-specific pain targets. For example, nerve growth
factor (NGF) was identified as a target for potential pain treatment
for OA because its expression was elevated in a murine OAmodel
(11), and treatment with soluble NGF receptor tropomyosin-
related kinase receptor A (TrkA) (11), treatment with an anti-NGF
antibody (12), and inhibition of the TrkA receptor (13) can all effec-
tively suppress pain-like behavior in rodent OAmodels. Moreover,
a number of anti-NGF antibodies have demonstrated clinical effi-
cacy in managing OA pain in patients, but the risk of causing rap-
idly progressive OA has thus far prevented their clinical
application (14).

In search of disease-modifying anti-OA drugs, mesenchymal
stem/stromal cell (MSC) therapy has emerged as a promising treat-
ment, with clinical trials demonstrating pain relief and improved joint
function in OA patients (15). MSCs exert a strong immunomodula-
tory effect in OA-affected joints through the paracrine mechanisms,
which lead to analgesic and anticatabolic effects in OA-affected
joints (16). However, a further possibility exists that they may
directly alter nociceptive input, which could contribute to the pain
relief experienced by those with OA. However, the direct link
between MSCs and nociception in OA remains unexplored; that
is, do MSCs affect neuron excitability?

Despite promising outcomes, the clinical use of MSCs faces
safety concerns, such as potential tumorigenicity (17). Therefore,
extracellular vesicles secreted by MSCs (MSC-EVs) have been
proposed as an alternative to MSCs for treating OA. Indeed,
increasing evidence has attributed the therapeutic effects of
MSCs to their paracrine secretion, especially EVs (18–20). EVs
are small, membrane-bound vesicles (30–2,000 nm in diameter)
that are secreted into the extracellular space by cells, including
MSCs (21). Within EVs, there is a rich profile of biomolecules,
including proteins, lipids, and nucleic acids, which have strong
immunomodulating and chondroprotective properties (22). Pre-
clinical studies show that MSC-EVs derived from various sources
(e.g., adipose tissue, bone marrow, and umbilical cord MSCs)
exert a similar therapeutic effect on their source cells in different
OA models, such as inhibiting joint inflammation and promoting
cartilage repair (23). However, the analgesic effects of MSC-EVs
in OA remain unknown.

In this study, we aimed to determine to what extent either
MSCs or MSC-EVs provide analgesia by studying their impact
on nociception in OA-affected joints. We hypothesized that MSCs
and MSC-EVs would improve OA pain via direct modulation of
sensory neurons innervating the joint.

MATERIALS AND METHODS

Animals. All animal experiments were regulated under
the Animals (Scientific Procedures) Act 1986, Amendment
Regulations 2012, following ethical review by the University of
Cambridge Animal Welfare and Ethical Review Body. A total of
36 male C57BL/6J mice ages 10–12 weeks (Charles River) were
used for in vivo study. Mice were assigned into 1 of 4 experimental
groups of 9 mice each as follows: 1) sham, 2) destabilization of the
medial meniscus (DMM), 3) DMM plus MSC treatment, or 4) DMM
plus MSC-EV treatment (Figure 1A). All mice were housed in
groups of 3 in separate Digital Ventilated Cages (DVCs) (cage
model GM500; Tecniplast) with standard water and food supply
during the experiment period.

DMM surgery. DMM surgery was performed as previously
described (24), and a detailed description of the surgery is pro-
vided in the Supplementary Methods available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42353. Mice were allowed to recover in a 37�C chamber
(20% oxygen) (Tecniplast) with welfare checks every 15 minutes
for 1 hour until fully alert with no sign of lameness before being
returned to their home cages. No inclusion/exclusion criteria were
set, and no experimental units/data points were excluded from
analysis.

Knee injections. MSCs (2 × 104 in 6 μl; Lonza) were
injected into the stifle joint of DMM-operated mice at 14 weeks
postsurgery. MSC-EVs (6 μl) derived from 2 × 104 MSCs were
injected into the stifle joint of DMM-operated mice at 12 weeks
and 14 weeks (see Supplementary Methods and Supplemen-
tary Figure 1, available at https://onlinelibrary.wiley.com/doi/10.
1002/art.42353, for MSC culture, MSC-EV harvest, and charac-
terization). As a control, 6 μl of 0.9% saline was injected into the
stifle joint of mice in the untreated DMM and sham groups at
12 and 14 weeks. To label knee-innervating neurons, 1.5 μl of
retrograde tracer fast blue (2% weight/volume in 0.9% saline;
Polysciences) was injected into the operated stifle joints 7 days
prior to euthanization. All injections were made under
anesthesia.

DVC system. DVCs were installed on a standard DVC
rack (Tecniplast) with external electronic sensors and 12 uni-
formly distributed, contactless electrodes underneath each
cage. Animal locomotion activity (referred to as activity in this
article) was monitored by capacitance changes in the elec-
trodes caused by animal movement and computed as previ-
ously described (25). Weekly regularity disruption index (RDI)
during the lights-on period was computed to capture irregular
animal activity patterns as previously described (26). Data were
processed and computed on the DVC analytics platform
(Tecniplast).
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Figure 1. A, Mice (n = 36) were assigned 1:1:1:1 to sham, destabilization of medial meniscus (DMM) surgery without treatment, DMMwith mesenchy-
mal stem/stromal cell (MSC) treatment, or DMMwithMSC-derived extracellular vesicle (MSC-EV) treatment. Mice in all groupswere injectedwith fast blue
(FB) at week 15 postsurgery, and mouse knee joints were harvested at week 16. B, Timeline of behavior tests and time mice spent in Digital Ventilated
Cages (DVCs). C–E, Time series comparison of mouse groups from week 4 to week 16 (C), between-group comparison at week 16 (D), and within-
group comparison between week 4 and week 16 (E) of time mice spent on rotarod. F–N, Time series comparison of mouse groups from presurgery
to week 16 (F, I, L), between-group comparison at week 16 (G, J,M), and within-group comparison between presurgery and week 16 (H, K, N) of time
mice spent digging (F–H), number of burrows mice dug (I–K), and regularity disruption index (RDI) values during lights-on periods (L–N). Symbols repre-
sent individual mice. Dots or bars with whiskers show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by two-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for time series comparisons, one-way ANOVA followed by Tukey’s post hoc test for between-group compar-
isons, or two-way ANOVA followed by Holm-Sidak multiple comparisons test for within-group comparisons. ns = no significant difference. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42353/abstract.
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Rotarod. Mouse locomotion and coordination were carried
out weekly using a rotarod apparatus (model 47600; Ugo Basile)
starting 4 weeks after surgery (Figure 1B) (27). Mice were placed
on the rotarod at a constant speed of 4 revolutions per
minute for 1 minute before entering an accelerating testing mode
(4–40 rpm in 5 minutes). Total time spent on the rotarod and the
speed at the time the mice fell from the rotarod or after 2 passive
rotations were recorded. The same protocol was used to train
mice 1 day before the first test.

Digging. The digging test was carried out weekly as
previously described (28); a detailed description is provided in
the Supplementary Methods, https://onlinelibrary.wiley.com/doi/
10.1002/art.42353. Digging duration (time mice spent displacing
bedding material using paws) and the number of dig sites (bur-
rows) produced during the testing period were analyzed by
3 experimenters who were blinded with regard to the conditions
in a random order (36% of videos scored by 2 experimenters, R2

correlation between scores = 0.95).

Dorsal root ganglion (DRG) neuron isolation and
culture. Lumbar DRGs (L2–L5) were collected postmortem,
and DRG neurons were isolated and cultured as previously
described (9); a detailed description of the isolation method is
provided in the Supplementary Methods, https://onlinelibrary.
wiley.com/doi/10.1002/art.42353.

In vitro coculture of DRG neurons and MSC-EVs.
Lumbar DRG (L2–L5) neurons from nonoperated mice (n = 4)
were isolated and cultured as above, or with addition of mouse
NGFβ (100 ng/ml) (29). After 24 hours, medium was replaced
without NGFβ, with 100 ng/ml NGFβ, or with NGF plus MSC-EV
(106/ml). Neurons were then cultured for another 16 to 24 hours
before electrophysiology recordings.

Electrophysiology. Whole-cell, patch-clamp electrophysi-
ology was performed on fast blue–labeled DRG neurons isolated
from the 4 mouse groups and DRG neurons in the in vitro cocul-
ture groups. A detailed description of electrophysiology is given
in the Supplementary Methods, https://onlinelibrary.wiley.com/
doi/10.1002/art.42353.

Histology. Safranin O–fast green histologic staining was
performed on operated knee joints from each mouse group. A
detailed description of tissue processing and staining is pre-
sented in the Supplementary Methods, https://onlinelibrary.
wiley.com/doi/10.1002/art.42353. Images from at least 3 sec-
tions of each mouse joint and joints from 7–9 mice in each
mouse group were included for analysis. Images obtained were
scored by 2 experimenters who were blinded to the conditions
using the Osteoarthritis Research Society International (OARSI)
scoring system (30).

Statistical analysis. All data are presented as the
mean ± SEM. Two-way analysis of variance (ANOVA) with
Tukey’s post hoc test was used for 4-group comparisons across
time series. Two-way ANOVA with Holm-Sidak multiple compari-
sons test was used for within- and between-group comparisons.
One-way ANOVAwith Tukey’s post hoc test was used for compar-
isons across multiple groups. Detailed statistical tests are
described in individual figure legends. Statistical analysis and graph
generation were performed using GraphPad Prism software ver-
sion 8.0.

RESULTS

Prevention of pain-related behavior changes in
DMM-operated mice treated with MSCs and MSC-EVs.
We observed that untreated DMM-operated mice spent signifi-
cantly less time on the rotarod than unoperated mice in the sham
group at week 16 (mean ± SEM 177.1 ± 14.77 seconds in DMM
group versus 256.4 ± 14.6 seconds in sham group; P = 0.0008
by one-way ANOVA followed by Tukey’s post hoc test)
(Figures 1C and D). In contrast, time spent on the rotarod by
DMM-operated mice treated with MSCs or MSC-EVs was not
significantly different compared to mice in the sham group at
week 16 (mean ± SEM 224.8 ± 11.88 seconds in DMM plus
MSC group, P = 0.06 versus sham; 219.4 ± 20.57 seconds in
DMM plus MSC-EV group, P = 0.09 versus sham) (Figures 1C
and D). Additionally, compared to untreated DMM-operated
mice, DMM-operated mice treated with MSCs (P = 0.13 versus
untreated DMM) and DMM-operated mice treated with MSC-
EVs (P = 0.7 versus untreated DMM) did not spend a significantly
longer time on the rotarod at 16 weeks (Figure 1D). Within
groups, untreated DMM-operated mice spent significantly less
time on the rotarod at week 16 than at week 4 (mean ± SEM
262.2 ± 10.89 seconds at week 4, P = 0.0005 by two-way
ANOVA followed by Holm-Sidak multiple comparisons test)
(Figure 1E). However, there was no within-group difference in
the sham group (mean ± SEM 263.7 ± 10.73 seconds at week
4, P = 0.99) or the treated DMM groups (227.7 ± 15.91 seconds
at week 4 in MSC group, P = 0.99; 236 ± 14.58 seconds at week
4 in MSC-EV group, P = 0.54) (Figure 1E).

We reported previously that mice with joint pain spend less
time digging burrows than healthy mice, and thus the digging
behavior of mice can be considered an ethologically relevant
pain assay (28). In line with the rotarod test, we observed
that untreated DMM-operated mice, but not MSC- and MSC-
EV–treated DMM-operated mice, spent significantly less time
digging than mice in the sham group at week 16 (mean ± SEM
digging time 19.79 ± 5.07 seconds in sham group; 5.59 ±
2.45 seconds in untreated DMM group, P = 0.03 versus sham
by one-way ANOVA followed by Tukey’s post hoc test; 15.87 ±
4.59 seconds in DMM plus MSC group, P = 0.89 versus sham;
12.32 ± 3.03 seconds in DMM plus MSC-EV group, P = 0.46
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versus sham) (Figures 1F and G). Consistent with digging time
observations, untreated DMM-operated mice, but not MSC- and
MSC-EV–treated DMM-operated mice, dug significantly fewer
burrows than mice in the sham group at week 16 (mean ± SEM
2.77 ± 0.32 burrows in sham group; 1.4 ± 0.26 burrows in
untreated DMM group, P = 0.02 versus sham by one-way
ANOVA followed by Tukey’s post hoc test; 2.44 ± 0.53 burrows
in DMM plus MSC group, P = 0.9 versus sham; 3 ± 0.40 burrows
in DMM plus MSC-EV group, P = 0.95 versus sham) (Figures 1I
and J). Compared to untreated DMM-operated mice, no signifi-
cant improvement in digging duration was seen in DMM-operated
mice treated with MSCs (P = 0.27 versus untreated DMM) or
MSC-EVs (P = 0.62 versus untreated DMM) (Figure 1G). MSC-
treated DMM-operated mice dug significantly more burrows than
untreated DMM-operated mice (P = 0.028), but there was no sig-
nificant difference between MSC-treated and MSC-EV–treated
DMM-operated mice (P = 0.75) (Figure 1J).

However, an innate difference in digging behavior was
observed among the 4 mouse groups. Prior to surgery, mice in
the DMM plus MSC-EV group exhibited a significantly lower dig-
ging duration (mean ± SEM digging time 4.25 ± 1.51 seconds in
DMM plus MSC-EV group versus 26.66 ± 5.16 seconds in sham
group; P = 0.005 by one-way ANOVA followed by Tukey’s post
hoc test) (Figure 1H) and dug fewer burrows than mice in the
sham group (mean ± SEM 1.37 ± 0.37 burrows in DMM plus
MSC-EV group versus 3.55 ± 0.37 burrows in sham group;
P = 0.03) (Figure 1K). Within groups, untreated DMM-operated
mice exhibited reduced digging duration at 16 weeks
compared to presurgery (presurgery mean ± SEM digging time
13.84 ± 3.8 seconds, P = 0.05 by two-way ANOVA followed by
Holm-Sidak multiple comparisons test) (Figure 1H) and dug fewer
burrows (presurgery mean ± SEM 4.11 ± 0.78 burrows,
P = 0.003) (Figure 1K), whereas mice in the sham group and
MSC-treated DMM-operated mice had a similar digging duration
at week 16 compared to presurgery (presurgery mean ± SEM
digging time 26.66 ± 5.16 seconds in sham group, P = 0.58;
13.82 ± 2.7 seconds in DMM plus MSC group, P = 0.99)
(Figure 1H) and dug a similar number of burrows compared to
presurgery (presurgery mean ± SEM 3.55 ± 0.37 burrows in
sham group, P = 0.39; 2.55 ± 0.47 burrows in DMM plus MSC
group, P = 0.69) (Figure 1K). At 16 weeks, MSC-EV treated
DMM-operated mice had an increase in digging duration (mean
± SEM digging time 12.32 ± 3 seconds at week 16, P = 0.04
compared to presurgery) (Figure 1H) and number of burrows
(mean ± SEM 3.0 ± 0.40 burrows at week 16, P = 0.03
compared to presurgery) (Figure 1K).

Unlike the rotarod and digging tests, which can only be con-
ducted at set times and involve experimenter intervention, the
DVC system continuously monitors activity. As expected, mice
exhibited a high level of activity during the lights-off period compared
to the lights-on period (Supplementary Figure 2A, available at
https://onlinelibrary.wiley.com/doi/10.1002/art.42353). However,

bouts of increased irregular activity were seen in untreated
DMM-operated mice during the lights-on period (i.e., sleep/rest
period) in the last week of housing (Supplementary Figure 2B), sug-
gesting a possible irregularity in the rest pattern of untreated DMM-
operated mice caused by pain, similar to the OA-induced impact
on sleep observed in humans (3). This pattern of irregular activity
was computed as the RDI, a digital biomarker measuring such irreg-
ularity (26).

Increased RDI during the lights-on period has been previ-
ously reported in mice with amyotrophic lateral sclerosis during
the early symptomatic period (26). We found that untreated
DMM-operated mice developed a significantly higher lights-on
RDI than mice in the sham group at week 16 (mean ± SEM RDI
0.45 ± 0.036 in untreated DMM group versus 0.12 ± 0.028 in
sham group; P = 0.006 by one-way ANOVA followed by Tukey’s
post hoc test) (Figures 1L and M), suggesting a more perturbed
rest pattern during the lights-on period in untreated DMM-
operated mice. Such an increase in lights-on RDI was not
observed in MSC- or MSC-EV–treated DMM-operated mice at
week 16 (mean ± SEM RDI 0.19 ± 0.036 in DMM plus MSC
group, P = 0.48 versus sham; 0.23 ± 0.049 in DMM plus MSC-
EV group, P = 0.29 versus sham) (Figures 1L and M). Additionally,
compared to untreated DMM-operated mice, DMM-operated
mice treated with MSCs (P = 0.006 versus untreated DMM) and
MSC-EVs (P = 0.01 versus untreated DMM) had significantly
lower lights-on RDI values at week 16, but these RDI values were
not significantly different compared to the sham group
(Figure 1M). Similarly, within groups, the lights-on RDI of
untreated DMM-operated mice at week 16 was also significantly
higher than their presurgery level (presurgery mean ± SEM RDI
0.18 ± 0.07, P = 0.007 by two-way ANOVA followed by Holm-
Sidak multiple comparisons test) (Figure 1N). This increase in
RDI was not seen in treated DMM-operated mice (presurgery
mean ± SEM RDI 0.25 ± 0.04 in DMM plus MSC group,
P = 0.32; 0.29 ± 0.03 in DMM plus MSC-EV group, P = 0.36)
(Figure 1N).

Together, these results suggest that MSC- and MSC-EV–
treated DMM-operated mice did not develop the pain-related
behavior changes seen in untreated DMM-operated mice.

No improvement in joint damage in DMM-operated
mice treated with MSCs and MSC-EVs. MSCs and MSC-
EVs are known to promote cartilage repair in OA joints and have
been used as regenerative treatments for OA (19). Therefore, we
next examined whether the lack of pain-related behaviors in
MSC- and MSC-EV–treated DMM-operated mice resulted from
improved joint damage. We performed Safranin O–fast green
staining on operated mouse knee joints to evaluate the cartilage
damage in different groups and observed that mice from all
3 DMM-operated groups presented with severe joint cartilage
damage compared to unoperated mice in the sham group
(Figure 2A).
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Using the OARSI histologic grading system, we found that
knee joints from all DMM-operated mice had significantly higher
scores than those from mice in the sham group on both the
medial femoral condyle (mean ± SEMOARSI 0.39 ± 0.16 in sham
group; 2.62 ± 0.34 in untreated DMM group, P < 0.0001 versus
sham by one-way ANOVA followed by Tukey’s post hoc test;
2.24 ± 0.22 in DMM plus MSC group, P < 0.0001 versus sham;
3.06 ± 0.35 in DMM plus MSC-EV group, P < 0.0001 versus
sham) (Figure 2B) and the medial tibial condyle (0.77 ± 0.16 in
sham group; 3.08 ± 0.61 in untreated DMM group, P = 0.004
versus sham; 3.5 ± 0.65 in DMM plus MSC group, P = 0.003 ver-
sus sham; 3.81 ± 0.6 in DMM plus MSC-EV group, P = 0.0007
versus sham) (Figure 2C). Based on this analysis, our data sug-
gest that injected MSCs and MSC-EVs do not affect gross joint
damage, and thus the observed change in pain-related behaviors

might result from an effect of MSCs and MSC-EVs on sensory
neurons innervating the knee joint.

Normalization of knee-innervating neuron hyper-
excitability in DMM-operated mice treated with MSCs
and MSC-EVs. We have previously shown that knee-innervating
DRG sensory neuron excitability increases during acute joint
inflammation and that inhibiting function of these neurons normal-
izes pain-related behaviors (9,28). Therefore, we injected fast blue
into the operated mouse knee joints to label knee-innervating
neurons (Figure 3A). Cell bodies of these labeled neurons were
then harvested after mice were killed 16 weeks postsurgery and
identified by excitation with a 350 nm light source (Figure 3A).
The excitability of neurons with similar diameters across groups
was recorded by electrophysiology (Figure 3B). Table 1 presents

Figure 2. Histologic changes in DMM-operated knee joints at 16 weeks after surgery in mice left untreated or treated with MSCs or MSC-EVs
compared to untreated, unoperated mice in the sham group. Knee joints were assessed for cartilage damage by staining with Safranin O–fast
green (A) and Osteoarthritis Research Society International (OARSI) scores of the medial femoral condyle (MFC) (B) and medial tibial condyle
(MTC) (C). Yellow arrows indicate intact cartilage in the sham group, whereas in DMM-operated groups, cartilage loss is evident as reduced
red staining. In B and C, symbols represent individual mice; bars with whiskers show the mean ± SEM. * = P < 0.05; ** = P < 0.01;
*** = P < 0.001; **** = P < 0.0001 versus sham by one-way ANOVA followed by Tukey’s post hoc test. See Figure 1 for other definitions.
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the action potential (AP) properties of fast blue–labeled DRG neu-
rons isolated from mice in the 4 mouse groups.

We found that fast blue–positive neurons in untreated DMM-
operated mice had a significantly more depolarized resting

membrane potential (RMP) than those from mice in the sham
group (mean ± SEM RMP –37.52 ± 2.49 mV in untreated DMM
group versus –48.96 ± 1.78 mV in sham group; P = 0.0009 by
one-way ANOVA followed by Tukey’s post hoc test) (Figure 3C)

Figure 3. Characteristics of knee-innervating dorsal root ganglion (DRG) neurons assessed in mice from each group using retrograde fast blue
labeling of knee joints (A; bar = 50 μm), with electrophysiology studies comparing diameter (B), resting membrane potential (RMP) (C), threshold of
electrical stimulus required for action potential (AP) firing (D), half peak duration (E), afterhyperpolarization (AHP) amplitude (F), and AHP duration (G).
Symbols represent individual DRG neurons; bars with whiskers show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus sham by
one-way ANOVA followed by Tukey’s post hoc test. ns = no significant difference (see Figure 1 for other definitions). Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42353/abstract.

Table 1. Action potential properties of fast blue–labeled DRG neurons isolated from mice in each group in in vivo studies*

Sham Untreated DMM DMM plus MSC DMM plus MSC-EV
(n = 23) (n = 25) (n = 30) (n = 28)

Diameter, μm 36.01 ± 2.17 33.2 ± 0.79 34.03 ± 1.00 33.91 ± 1.08
Resting membrane potential, mV –48.96 ± 1.78 –37.52 ± 2.49† –44.50 ± 2.03‡ –45.25 ± 1.78‡
Threshold, pA 509.60 ± 45.93 350.8 ± 37.52§ 560 ± 43.56¶ 607.5 ± 37.79¶
Half peak duration, msec 1.53 ± 0.20 2.73 ± 0.41# 1.83 ± 0.32 1.68 ± 0.14‡
Afterhyperpolarization duration, msec 17.07 ± 1.38 29.84 ± 3.54§ 18.27 ± 2.82‡ 17.93 ± 2.64**
Afterhyperpolarization amplitude, mV 15.69 ± 1.22 17.92 ± 0.90 18.34 ± 0.80 17.32 ± 0.70

* Values are the mean ± SEM. Each group included dorsal root ganglion (DRG) neurons from the knees of 6 mice. MSC = mesenchymal stem/
stromal cell; MSC-EV = MSC-derived extracellular vesicle.
† P < 0.001 versus neurons from sham group by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test.
‡ P < 0.05 versus neurons fromuntreated destabilization of themedialmeniscus (DMM) group by one-way ANOVA followed by Tukey’s post hoc test.
§ P < 0.01 versus sham by one-way ANOVA followed by Tukey’s post hoc test.
¶ P < 0.001 versus untreated DMM by one-way ANOVA followed by Tukey’s post hoc test.
# P < 0.05 versus sham by one-way ANOVA followed by Tukey’s post hoc test.
** P < 0.01 versus untreated DMM by one-way ANOVA followed by Tukey’s post hoc test.
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and exhibited a significantly lower AP firing threshold (mean
± SEM 350.8 ± 37.52 pA in untreated DMM group versus
509.6 ± 45.93 pA in sham group; P = 0.03) (Figure 3D). No fast
blue–labeled neurons displayed spontaneous firing in the sham
group, whereas 9% of these in the untreated DMM group did.
Additionally, fast blue–positive neurons from untreated DMM-
operated mice also had a longer half peak duration (HPD)
than those from mice in the sham group (mean ± SEM HPD
2.72 ± 0.41msec in untreated DMMgroup versus 1.53 ± 0.2msec
in sham group; P = 0.019) (Figure 3E) and a longer afterhyperpolar-
ization (AHP) duration (mean ± SEM AHP 29.84 ± 3.54 msec in
untreated DMM group versus 17.07 ± 1.38 msec in sham group;
P = 0.006) (Figure 3G). These results suggested that DMM surgery
induces knee-innervating neuron hyperexcitability that likely under-
pins the changes in pain-related behaviors observed.

When measuring the properties of fast blue–labeled neurons
isolated from MSC- and MSC-EV–treated DMM-operated
mice compared to those isolated from mice in the sham group,
we observed no significant difference in RMP (mean ± SEM
RMP –44.5 ± 2.03 mV in DMM plus MSC group, P = 0.29 versus
sham; –45.25 ± 1.77 mV in DMM plus MSC-EV group, P = 0.44
versus sham) (Figure 3B), or AP threshold (mean ± SEM 560
± 43.53 pA in DMM plus MSC group, P = 0.71 versus sham;
607.5 ± 37.79 pA in DMM plus MSC-EV group, P = 0.24 versus
sham) (Figure 3C). Spontaneous firing was observed in 3% of fast
blue–labeled neurons from MSC-treated mice and 0% of those
from MSC-EV–treated mice; there was no significant difference
in the proportion of spontaneously firing fast blue–labeled neu-
rons across the 4 groups (P = 0.22 by Fisher’s exact test). More-
over, the longer HPD and AHP durations seen in fast blue–labeled
neurons isolated from untreated DMM-operated mice were
absent in neurons isolated fromMSC- and MSC-EV–treated mice
(Figures 3E and G).

Because observed AP changes might result from changes in
voltage-gated ion channel function, we then analyzed the proper-
ties of macroscopic voltage-gated inward and outward currents
(Supplementary Figure 3, https://onlinelibrary.wiley.com/doi/10.
1002/art.42353). Among knee neurons from mice in the
untreated DMM and sham groups, little difference in normalized
peak inward current (mean ± SEM 1.05 ± 0.12 in untreated
DMM group versus 1 ± 0.08 in sham group; P = 0.7 by unpaired
t-test) (Supplementary Figure 3B) and outward current (mean
± SEM 1 ± 0.1 in untreated DMM group versus 1 ± 0.13 in sham
group; P = 0.99 by unpaired t-test) (Supplementary Figure 3D)
was observed, and this was not investigated any further. Overall,
these results suggest that knee-innervating neurons are hyperex-
citable in untreated DMM-operated mice but not in MSC- and
MSC-EV–treated DMM-operated mice.

Normalization of NGF-induced DRG neuron hyper-
excitability by MSC-EVs in vitro. Based on the result that
both MSC- and MSC-EV–treated DMM-operated mice did not

develop pain-related behaviors or knee-innervating neuron hyper-
excitability, we hypothesized that the MSC secretome, including
MSC-EVs, acts directly upon sensory neurons to normalize their
hyperexcitability and in turn reduces pain. Based on this hypothe-
sis, incubation of DRG sensory neurons with MSC-EVs in vitro
should be sufficient to normalize neuronal hyperexcitability. To
test our hypothesis, we took advantage of the fact that NGF is
involved in OA pain development in the DMM OA model (31), is
present at enhanced levels at 16 weeks when pain-related
behaviors are observed (11), and directly induces DRG neuron
hyperexcitability in vitro (32). Our initial experiments showed that
coculturing DRG neurons with MSCs or conditioned medium
containing MSC-EVs had no significant impact on DRG neuron
excitability (Supplementary Figure 4, https://onlinelibrary.wiley.
com/doi/10.1002/art.42353). We therefore established 3 experi-
mental groups as follows: 1) a control group with DRG neurons
maintained in normal culture medium, 2) an NGF group with
DRG neurons maintained in culture medium with addition of
NGF, and 3) an NGF plus MSC-EVs group in which DRG neurons
were maintained in NGF-added culture medium with addition of
MSC-EVs after 24 hours (Figure 4A). Table 2 presents the AP
properties of the DRG neurons in the vitro groups.

As expected, NGF-treated DRG neurons had a
significantly lower RMP than the control neurons (mean ± SEM
RMP –45.48 ± 1.4 mV in NGF group versus –51.78 ± 1.19 mV
in control group; P = 0.002 by one-way ANOVA followed by
Tukey’s post hoc test) (Figure 4C) and exhibited a significantly
lower AP threshold (mean ± SEM 568.2 ± 47.39 pA in NGF
group versus 706.5 ± 48.22 pA in control group; P = 0.04)
(Figure 4D). However, the RMP of DRG neurons in the NGF plus
MSC-EVs group was not significantly different from that of DRG
neurons in the control group (mean ± SEM RMP –49.9 ± 1.3 mV in
NGF plus MSC-EV group, P = 0.059 versus control), and neither
was the AP threshold (mean ± SEM 730 ± 54.34 pA in NGF plus
MSC-EV group, P = 0.94 versus control) (Figures 4C and D).
Unlike what was observed in knee-innervating DRG neurons
isolated from DMM-operated mice (Figures 3E and G), no
significant change was seen in HPD or AHP duration in NGF-
treated DRG neurons; however, similar to results from analysis
of knee-innervating DRG neurons isolated from DMM-operated
mice, no difference was observed in the AHP amplitude
(Figures 4E–G).

We again investigated whether the change in AP threshold
might correlate with any change in the properties of
voltage-gated ion channel currents. We observed that DRG
neurons in the NGF group, but not those in NGF plus
MSC-EV group, exhibited a significantly larger voltage-gated
inward current than control DRG neurons (mean ± SEM
normalized peak inward current 1 ± 0.07 in control
group; 2.01 ± 0.3 in NGF group, P = 0.003 versus control;
1.59 ± 0.27 in NGF plus MSC-EV group, P = 0.74 versus con-
trol) (Figures 4H and I). In addition, voltage-gated outward
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current amplitude was also larger in NGF-treated neurons
compared to control DRG neurons, but not significantly
reversed in neurons from the NGF plus MSC-EV group (mean
± SEM normalized peak outward current 1.01 ± 0.08 in control

group; 1.81 ± 0.32 in NGF group, P = 0.03 versus control;
1.31 ± 0.25 in NGF plus MSC-EV group, P = 0.6 versus con-
trol) (Figures 4J and K). Collectively, these results indicate that
MSC-EVs can normalize NGF-induced DRG neuron excitability

Figure 4. In vitro studies of DRG neurons performed in cultures with medium alone (control [Ctrl]), 100 ng/ml nerve growth factor β (NGFβ), or
NGFβ plus MSC-EVs (106/ml) for 16–24 hours (h) (A), followed by electrophysiology studies comparing diameter (B), RMP (C), threshold of elec-
trical stimulus required for AP firing (D), half peak duration (E), AHP amplitude (F), and AHP duration (G), as well as peak voltage-gated inward (H)
and outward (J) current density of DRG neurons normalized to cell capacitance in different conditions, and peak voltage-gated inward (I) and
outward (K) current normalized to maximum current density (Imax) of control neurons. Symbols represent individual DRG neuron samples. Bars
or horizontal lines with whiskers show the mean ± SEM. * = P < 0.05 and ** = P < 0.01 by one-way ANOVA followed by Tukey’s post hoc test.
MSC-EV = mesenchymal stem/stromal cell–derived extracellular vesicle (see Figure 3 for other definitions). Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42353/abstract.

Table 2. Action potential properties of mouse DRG neurons isolated from mice in each group in in vitro studies*

Control NGF NGF plus MSC-EV
(n = 23) (n = 23) (n = 20)

Diameter, μm 31.51 ± 1.01 30.93 ± 0.78 31.24 ± 0.95
Resting membrane potential, mV –51.78 ± 1.19 –45.48 ± 1.40† –49.9 ± 1.30‡
Threshold, pA 706.5 ± 48.22 568.2 ± 47.39§ 730 ± 54.34‡
Half peak duration, msec 1.67 ± 0.12 1.45 ± 0.13 1.98 ± 0.17‡
Afterhyperpolarization duration, msec 25.18 ± 2.77 17.39 ± 3.7 28.38 ± 3.25
Afterhyperpolarization amplitude, mV 17.33 ± 0.76 16.02 ± 0.96 17.39 ± 0.84

* Values are the mean ± SEM. Each group included seeded dorsal root ganglion (DRG) neurons isolated from
4 mice. MSC-EV = mesenchymal stem/stromal cell–derived extracellular vesicle.
† P < 0.01 versus control neurons by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test.
‡ P < 0.05 versus nerve growth factor (NGF)–treated neurons by one-way ANOVA followed by Tukey’s post hoc test.
§ P < 0.05 versus control neurons by one-way ANOVA followed by Tukey’s post hoc test.
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in vitro, but further work is required to establish the molecular
mechanisms involved.

DISCUSSION

Numerous preclinical (18,19) and clinical studies (15) have
demonstrated the potential use of MSCs andMSC-EVs in treating
OA, but the mechanism through which any pain-relieving effects
manifest has rarely been examined. Here, we found that hyperex-
citability of knee-innervating neurons in DMM-operated mice was
concomitant with observed behavior changes, and that intraartic-
ular injection of either MSCs or MSC-EVs reduced observed
behavior changes and normalized knee-innervating neuron
hyperexcitability. These results suggest that primary afferent
hyperexcitability is causal in DMM-induced OA pain, which sup-
ports results of prior studies in rodents and humans showing the
importance of primary afferent input in OA pain (33). This is the
first study to directly measure the excitability of such afferents in
the DMM mouse model.

In this study, we observed improved pain-related behavior
independent of any regenerative change in mouse OA knee joints
following treatment with MSCs or MSC-EVs. We used 3 methods
to monitor mouse behavior: rotarod, digging assay, and activity
monitoring. In the rotarod test, we observed a locomotion deficit
when comparing untreated DMM-operated mice to unoperated
mice in the sham group at 16 weeks postsurgery and when com-
paring untreated DMM-operated mice at week 16 postsurgery to
themselves at week 4 postsurgery, consistent with previous
reports (34,35). However, such a deficit was not observed in
MSC- or MSC-EV–treated DMM-operated mice. In the digging
assay, reduced digging activity was seen in untreated DMM-
operated mice at week 16 but not in treated DMM-operated mice
or mice in the sham group.

Undeniably, innate mouse activity differences exist between
different mouse groups. Mice in the DMM plus MSC-EV group
had lower digging activity than mice in other groups before sur-
gery, but at week 16, the same group had similar digging activity
to mice in the DMM plus MSC and sham groups, and higher dig-
ging activity than their presurgery level, which suggest that the
observed difference in digging activity presurgery appears to have
been compensated by repeated digging measurements over the
16-week experimental period. While significant improvement in
rotarod and behavior tests was not unanimously present in
MSC- or MSC-EV–treated DMM groups, the lack of difference
between treated DMM groups and the sham group is sufficient
to suggest behavioral improvement of treated DMM-operated
mice.

With activity monitoring, we discovered for the first time that
OAmice display enhanced levels of irregular activity during resting
periods as disease progresses (i.e., an increased RDI), similar to
sleep disturbances seen in symptomatic OA patients, among
whom 50–80% report reduced sleep quality, which is positively

correlated with pain (3,36). Such levels of irregular activity were
not seen in treated DMM-operated mice or mice in the sham
group at week 16 or in any mice presurgery. Furthermore, MSC-
and MSC-EV–treated DMM-operated mice showed reduced
irregularity in their activity (lower RDI) than untreated DMM-
operated mice. These results indicate that both MSCs and
MSC-EVs normalize resting activity patterns in OA mice. Collec-
tively, these data suggest that irregular behavior changes shown
in the DMM-operated mice were alleviated when the DMM-
operated mice were treated with either MSCs or MSC-EVs
(Figure 1). Moreover, the behavior normalization observed
appears to be independent of gross improvement in joint histol-
ogy (Figure 2), although we cannot rule out changes in synovitis
or fibrosis, which were not analyzed in this study.

Sensory neuron sensitization is known to underlie the pain-
related behavior changes that occur in rat OA models (37), and
sensory neuron hyperexcitability is also common to mouse and
sheep models of joint pain (9,28,38). Thus, we performed electro-
physiologic characterization of retrograde-labeled, knee-
innervating neurons and observed depolarization of the RMP
and lowering of the AP threshold in knee-innervating neurons iso-
lated from untreated DMM-operated mice compared to those iso-
lated frommice in the sham group, effects that were not observed
in neurons isolated from DMM-operated mice treated with MSCs
or MSC-EVs (Figure 3). This suggests that normalization of
peripheral input may play a role in normalizing behavior. Despite
this interesting observation, we acknowledge that normalization
of peripheral sensory neuron excitability is unlikely to fully explain
the observed behavior changes as both peripheral and central
sensitization components contribute to OA pain; for example,
sensitization of spinal nociceptive reflexes has been observed in
a rat OA model (39). Whether the improved pain-related behavior
reported in this study is the result of changes to both peripheral
and spinal nociceptive neuron activity remains unclear.

The normalization of peripheral sensory neuron excitability
following MSC or MSC-EV injection observed in this study might
result from a direct action on sensory neurons and/or reduced
nociceptive input/sensitization through modulation of surrounding
cellular activity (e.g., reduced release of proinflammatory media-
tors by synoviocytes) (40). To address these potential mecha-
nisms, we set up an in vitro model to test if MSC-EVs directly
alter sensory neuron activity. We induced hypersensitivity in naive
mouse DRG neurons by incubating with NGF in vitro, which has a
major role in OA pain (11) and induces DRG neuron hypersensitiv-
ity (41). As expected, NGF-treated DRG neurons had a depolar-
ized RMP and a lower AP threshold (Figures 4B and C), which
coincubation with MSC-EVs prevented. These results provide
initial evidence that MSC-EVs may normalize nociception in the
OA joint through direct action on joint sensory neurons, but does
not rule out an accompanying indirect effect.

However, a limitation of this study is that the in vitro analysis
of the NGF-treated DRG neurons did not fully replicate the
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changes observed in knee-innervating neurons isolated from
untreated DMM-operated mice. The longer HPD and longer
AHP duration seen in knee-innervating neurons isolated from
untreated DMM-operated mice were not observed in NGF-
treated DRG neurons (Figures 4D and F), and knee-innervating
neurons from untreated DMM-operated mice did not exhibit the
larger voltage-gated inward currents observed in NGF-treated
DRG neurons. Consequently, how MSC-EVs modulate neuronal
function may differ in vitro versus in vivo; nonetheless, data pre-
sented here establish models by which the modulatory mecha-
nisms can be further investigated. It would also be of interest
to investigate the effects of MSC-EVs on the sensitizing
effects of other mediators associated with OA pain, such as
CCL2 (42,43).

Overall, our study investigated changes in pain-related
behaviors and knee-innervating sensory neuron function induced
in a mouse DMM OA model and how these are altered by the
administration of MSCs or MSC-EVs. In doing so, we discovered
that MSC-EVs normalize sensory neuron hyperexcitability both
in vivo and in vitro. These results open the possibility of using
MSC-EVs for chronic pain management. Future studies will focus
on identifying molecular mechanisms involved in the analgesic
effects observed.
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