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Abstract
Background: This study aimed to investigate the analgesic impact of S(+)-ketamine on pain
behavior and synovial inflammation in an osteoarthritis (OA) model.
Methods: Animals were grouped as follows: OA-Saline (n = 24) and OA-Ketamine (n = 24), OA
induced via intra-articular sodium monoiodoacetate (MIA); a Non-OA group (n = 24) served as the
control. On the 7th day post OA induction, animals received either saline or S(+)-ketamine
(0.5 mg.kg�1). Behavioral and histopathological assessments were conducted up to day 28.
Results: S(+)-ketamine reduced allodynia from day 7 to 28 and hyperalgesia from day 10 to 28. It
notably alleviated weight distribution deficits from day 10 until the end of the study. Significant
walking improvement was observed on day 14 in S(+)-ketamine-treated rats. Starting on day 14,
OA groups showed grip force decline, which was countered by S(+)-ketamine on day 21. However,
S(+)-ketamine did not diminish synovial inflammation.
Conclusion: Low Intra-articular (IA) doses of S(+)-ketamine reduced MIA-induced OA pain but did
not reverse synovial histopathological changes.
IRB approval number: 23115 012030/2009-05.
© 2024 Sociedade Brasileira de Anestesiologia. Published by Elsevier España, S.L.U. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Introduction

The mechanisms underlying the origin of joint pain in Osteo-
arthritis (OA) remain poorly understood. Articular cartilage
and the meniscus are structures devoid of nerves and, there-
fore, cannot directly serve as sources of painful sensations.
However, alterations in these structures and even in the
synovial fluid could indirectly contribute to the pathophysi-
ology of pain in OA. Fragments of cartilage containing noci-
ceptor sensitization in these areas are likely to contribute to
the initiation and persistence of pain.1 Furthermore, distinct
elements such as collagen, proteoglycans, crystals, proteo-
lytic enzymes, or cytokines released into the synovial fluid
could potentially trigger a synovial inflammatory response
associated with pain. Afferent nerve fibers are present in
various parts of the joint, including the joint capsule, syno-
vium, periosteum, subchondral bone, ligaments, and
tendons.2

Evidence from pharmacological, electrophysiological,
and behavioral research indicates that glutamate receptors
play a pivotal role in pain pathways. Modulation of these
receptors has been implicated in various types of pain,
including central and peripheral neuropathic pain as well as
joint inflammatory pain. Elevated levels of glutamate have
been detected in the synovial fluid of OA patients.3,4 Addi-
tionally, glutamate’s involvement as a modifier of OA has
been observed, leading to increased receptor expression in
cells such as osteoblasts, osteoclasts, and chondrocytes,
revealing a significant role in bone and cartilage
remodeling.3

The principal excitatory effect of glutamate within the
nervous system occurs via N-Methyl-D-Aspartate receptors
(NMDA), which have been identified as key contributors to
central sensitization and the chronicity of pain. Animal stud-
ies have demonstrated the presence of NMDA receptors
(NMDAr) in both myelinated and non-myelinated axons
within somatic peripheral tissues.4

In a study that examined the role of glutamate signaling
in chondrocytes, it was noted that these cells might express
a distinctive NMDA receptor (NMDAr) with unique attributes.
This receptor could potentially be involved in the inflamma-
tory process linked to cartilage degradation, thus emerging
as a promising pharmacological target in the context of OA.5

Effective pain management has become a therapeutic
challenge in the context of osteoarthritis (OA), leading to
investigations into various intra-articular (IA) drug interven-
tions aimed at enhancing analgesia.6 Among these interven-
tions, racemic ketamine has been tested in various
experimental OA models, indicating its potential not only in
alleviating joint pain but also in mitigating inflammatory
mediators and reversing histopathological changes.7,8 The
drug’s primary mechanism of action, NMDAr antagonism, is
widely recognized. However, its broader impacts on chronic
pain management are equally significant, including the mod-
ulation of voltage-gated Na+ and K+ channels, antagonism of
serotonin, norepinephrine, and dopamine reuptake, and
suppression of pro-inflammatory cytokines.9,10 Notably, S
(+)-ketamine exhibits an analgesic potency four times
greater than that of R(-)-ketamine due to its higher affinity
for NMDAr, allowing for the use of smaller doses with mini-
mized adverse effects.11
2

The primary objective of this study was to evaluate the
analgesic effect of a low dose of S(+)-ketamine on pain
behavior and the extent of synovial membrane inflammation
in an experimental rat model of osteoarthritis (OA).
Methods

For the experimental phase, male Wistar strain Rattus nor-
vegicus rats weighing approximately 230−280 g were used.
The animals were acclimated and housed under controlled
conditions of humidity (45−65%) and temperature (23§2 °
C), with a 12-hour light/dark cycle and unrestricted access
to food and water. A week before the experimental protocol
began, the animals underwent daily adaptation to devices
and behavioral tests.

The experiments were conducted in accordance with the
guidelines of the Brazilian College of Animal Experimenta-
tion and were approved by the Research Ethics Committee
of the Universidade Federal do Maranh~ao under protocol
number 23115 012030/2009-05.

Model of osteoarthritis induced by sodium
monoiodoacetate

The animals were anesthetized with sodium thiopental
(40 mg.kg�1 intraperitoneally), followed by trichotomy of
the right hind paw. Local antisepsis was performed using
a 10% iodine polyvinylpyrrolidone solution. Osteoarthritis
(OA) was induced in the right knee by a single intra-artic-
ular injection of 2 mg of sodium monoiodoacetate (MIA)
dissolved in a maximum of 50 mL of solution. The MIA
solution was administered through the patellar ligament
into the intra-articular space of the right knee using a
26G needle. The left knee received an equivalent volume
of saline as a contralateral control specific to the
animal.12,13
Experimental design

In this study, 72 Wistar rats were divided into three groups.
The OA-Saline Group (n = 24) and the OA-Ketamine Group
(n = 24) were subjected to MIA-induced osteoarthritis. The
Non-OA Group (n = 24) did not undergo osteoarthritis induc-
tion. Behavioral assessments were conducted prior to osteo-
arthritis induction and on the fifth day following MIA
induction. On the 7th day after osteoarthritis induction, the
groups received an intra-articular injection (IA) of S
(+)-ketamine (0.5 mg.kg�1) or 0.9% saline, with a maximum
volume of 50 mL. Behavioral assessments were conducted
six hours after the injection of the study solution and subse-
quently on days 10, 14, 18, 21, 24, and 28 after osteoarthri-
tis induction. On days 7, 14, 21, and 28, six animals from
each group were anesthetized and euthanized to harvest
the synovial membrane for histopathological analysis
(Fig. 1).

The main outcome was pain reduction in the ketamine
group, as indicated by behavioral assessment. The secondary
outcome was the effect of ketamine treatment on synovial
inflammation.



Figure 1 Study flowchart.
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Behavioral assessment

Motor activity assessment/RotaRod test
The RotaRod (Model IITC Life Science, California, USA) com-
prises a rotating bar with adjustable speed, measured in rev-
olutions per minute (rpm), featuring a 2.5 cm diameter and
60 cm length. Positioned 40 cm above small platforms, the
rotating bar automatically stops the digital timer when ani-
mals fall off. The bar is divided into five 20 cm sections,
where individual animals are placed during testing.14

Animals were positioned on the RotaRod, set at a speed of
16 rpm, for a duration of 300 seconds. Assessment of the
affected limb’s utilization was conducted through forced
walking, and the utilization of the paw was rated using a
numerical scale spanning from 5 to 1, where: 5 ‒ corre-
sponds to the limb’s normal use; 4 ‒ slight lameness; 3 ‒
severe lameness; 2 ‒ sporadic non-use of the affected paw;
and 1 ‒ complete non-use of the affected paw.14
3

Disability test/Hind leg weight distribution (weight
bearing test)
Changes in weight distribution between the right (OA+) and
left (OA) hind legs were indicative of discomfort due to MIA-
induced OA. A disability test apparatus (Model IITC Life Sci-
ence, California, USA) with a sensor linked to a small plat-
form was used to gauge the animal’s weight distribution on
its hind legs.14,15

The animals were positioned within an angled glass cham-
ber, ensuring that each hind leg rested on distinct platforms.
The weight exerted on each hind leg (measured in grams)
was assessed over a span of five seconds. The ultimate mea-
surement of weight distribution was determined by calculat-
ing the average of three measurements.14,15

Mechanical allodynia assessment (Von Frey test)
Mechanical allodynia was evaluated using a digital algesime-
ter (Model Insight, S~ao Paulo, Brazil) equipped with a
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pressure transducer connected to a digital force counter
measured in grams (g). The device is calibrated to record a
maximum force of 150 g, maintaining precision within 0.1 g
for forces up to 80 g. The contact between the pressure
transducer and the animals’ paws was established using a
disposable polypropylene tip with a diameter of 0.5 mm,
specially designed for this purpose.14,16

The animals were acclimated for 15 minutes before the
experiment in an acrylic box (12 £ 20 £ 17 cm) with a floor
made of a 5 mm2 mesh network composed of non-malleable
wire that was 1 mm thick. Mirrors were positioned 25 cm
below the experimental boxes to enhance visibility of the
animals’ plantar region. The test involved applying increas-
ing pressure to the central area of the rat’s paw until the
animal exhibited a “flinch” response to the stimulated paw.
The stimuli were repeated up to six times on both the ipsi-
lateral and contralateral paws until the animal demon-
strated three similar responses with a clear “flinch” after
paw removal.14,16

The Paw Withdrawal Threshold (PWT) was determined as
the percentage of force required to induce active suspension
in the affected ipsilateral paw.14,16

Mechanical hyperalgesia (Randall Selitto test)
Mechanical hyperalgesia was evaluated by assessing the paw
withdrawal threshold in response to a mechanical stimulus
delivered through a pressure algesimeter (Model IITC Life
Science, California, United States), following the methodol-
ogy previously outlined by Randall and Selitto.17 A wedge-
shaped apparatus (with an area of 1.75 mm2) was placed on
the dorsal surface of the hind limbs, applying incremental
linear pressure until the animal exhibited a response charac-
terized by paw withdrawal. Three measurements were
taken on both the ipsilateral and contralateral paws. A pre-
defined cutoff threshold of 250 g was implemented to pre-
vent potential tissue damage.1,13,18

The Paw Withdrawal Threshold (PWT) was measured in
grams and defined as the force percentage required to
induce removal of the affected ipsilateral paw.1,13,18

Grip force test
The assessment of hind leg grip force was conducted by
recording the maximum force applied during gripping using
a stress measurement system (IITC Life Science model, Cali-
fornia, USA). During the test, each rat was gently restrained
to allow its hind legs to grasp a wire mesh (10 £ 12 cm2) con-
nected to a strain gauge. The rats were positioned in a man-
ner ensuring that their front legs did not touch the strain
gauge.

The evaluator then applied a rostro-caudal movement
until the hind leg of the animal lost contact with the mesh.
Three measurements were taken, and the results were aver-
aged. Each rat underwent the test twice, with a 2- to 3-min-
ute interval, to obtain the grip force values in their raw
form (CFmax).19,20

Histopathological analysis

After administering anesthesia with sodium thiopental
(40 mg.kg�1) and euthanizing the animals, the synovial
membranes were extracted and fixed in 10% buffered form-
aldehyde. Subsequently, they were immersed in a 5% formic
4

acid solution for 72 hours. The samples underwent dehydra-
tion through a series of ethanol solutions and were embed-
ded in paraffin, followed by creating 4 mm thick sections,
which were later stained with hematoxylin-eosin. Inflamma-
tion was identified by the expansion of the synovial mem-
brane due to fluid edema of a protein and fibrin nature,
along with the infiltration of macrophages, neutrophils,
plasmocytes, and lymphocytes.

A grading system was employed to evaluate the extent of
synovial inflammation, with the following grades: Grade 0
indicating no inflammation; Grade 1 for minimal inflamma-
tion; Grade 2 for mild inflammation; Grade 3 for moderate
inflammation; and Grade 4 for marked inflammation.15,21 All
samples were assessed blindly by the same pathologist.

Statistical analysis

The results of behavioral tests were analyzed using One-way
ANOVA, followed by the Tukey test. Intra-group comparisons
at different time points during the experiment were con-
ducted with the Friedman test. The Kruskal-Walli’s test was
applied to compare the results related to synovial inflamma-
tion, followed by the Dunn post-hoc test for multiple com-
parisons. A significance level of p < 0.05 was used to
determine statistical significance, and data analysis was per-
formed using GraphPad Instat� software (GraphPad Soft-
ware, San Diego, CA).
Results

Effect of S(+)-ketamine on forced ambulation

Five days after MIA injection, the rats exhibited a decrease
in RotaRod test scores, with a significant reduction in the
OA-Ketamine and OA-Saline groups. Following the adminis-
tration of S (+)-ketamine (0.5 mg.kg�1), the animals demon-
strated an improvement in forced walking, which showed
statistical significance on the 14th day post OA induction. By
the 18th day, all groups exhibited similar performance on the
RotaRod test (Fig. 2).

Effect of S(+)-ketamine on weight distribution on
hind legs

Following the MIA injection, the animals began exhibiting
sings of joint discomfort, resulting in a predominant weight
distribution on the healthy paw. S(+)-ketamine significantly
alleviated the impairment in weight distribution from the
10th day of OA induction until the conclusion of the experi-
ment, which spanned approximately three weeks. Starting
from the 14th day, no notable distinction was observed
between the OA-Ketamine group and the Non-OA group
(Fig. 2).

Effect of S(+)-ketamine on mechanical alodinia

The animals developed mechanical allodynia after OA induc-
tion, as demonstrated by the Von Frey test. Treatment with
S(+)-ketamine (0.5 mg.kg�1-IA) reduced the intensity of
allodynia from the 7th to the 28th day, when the difference
between the OA-Ketamine and OA-Saline groups remained



Figure 2 Results concerning the impact of S(+)ketamine in the experimental tests conducted within this study. (A) Forced Ambula-
tion. (B) Hind Leg Weight Distribution. (C) Paw Withdrawal (Mechanical Allodynia). (D) Paw Withdrawal (Mechanical Hyperalgesia).
Vertical symbols and lines denote the mean and standard error of means. The vertical dashed line signifies the beginning of treat-
ment. * Significant difference between the OA-Saline group and the Non-OA group. ° Significant difference between the OA-Ketamine
group and the Non-OA group. # Significant difference between the OA-Ketamine group and the OA-Saline group. Statistical signifi-
cance: p < 0.05.

Figure 3 Grip force assessment in rats treated with S(+)-keta-
mine (n = 6). The data is presented as the nociceptive paw with-
drawal threshold in percentage. Vertical symbols and lines
indicate the mean and standard error of the means. ANOVA ‒
Tukey’s test was performed (p < 0.05). The vertical dashed line
signifies the beginning of treatment. *Significant difference
between the OA-Saline group and the Non-OA group. °Signifi-
cant difference between the OA-Ketamine group and the Non-
OA group. #Significant difference between the OA-Ketamine
group and the OA-Saline group.
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significant. On the 14th and 18th days, there was no signifi-
cant difference between the OA Ketamine and Non-OA
groups (Fig. 2).

Effect of S(+)-ketamine on mechanical hyperalgesia

The animals also exhibited the development of mechanical
hyperalgesia after MIA injection, as indicated by the
decrease in the paw withdrawal threshold during the Randall
Selitto test. Treatment with S(+)-ketamine mitigated hyper-
algesia from the 10th to the 28th day, in comparison to the
OA-Saline group. From the 14th to the 24th day, the S
(+)-ketamine group demonstrated complete reversal of
hyperalgesia, producing results akin to those of the Non-OA
group (Fig. 2).

Effect of S(+)-ketamine on grip force

Following MIA injection, the grip force of the animals
decreased after the 14th day of induction. Treatment with S
(+)-ketamine led to an increase in grip force from the 21st

day to the 28th day, exhibiting a statistically significant dif-
ference when compared to the Saline group. On the 21st and
28th days, there were no significant differences between the
OA-Ketamine and Non-OA groups (Fig. 3).

Effect of S(+)-ketamine on synovial membrane
inflammation

The injection of MIA induced histopathological changes in
the synovial membrane. Throughout the experiment, a sig-
nificant difference was observed between the Saline-treated
group and the group without osteoarthritis; however, this
difference was not observed between the OA-Ketamine
group and the group treated with OA-saline. Additionally,
5

there were no significant differences within each group at
different time points during the experiment. It is important
to note that the group treated with ketamine did not exhibit
any histopathological damage (Table 1). The maximum
degree of inflammation was characterized by the expansion
of the synovial membrane and the infiltration of inflamma-
tory cells such as macrophages, neutrophils, and lympho-
cytes, as depicted in Figure 4H. Figure 4D displays an intact
and healthy section of the synovial membrane, while
Figure 4L represents a graded degree of inflammation with a
score of 3 (Fig. 4).



Table 1 Grading of synovial membrane inflammation (Mean § standard deviation).

Groups T

Day 7 Day 14 Day 21 Day 28

Non-OA (n = 6) 1.33 § 1.3 0.16 § 0.40 0.83 § 0.75 0.16 § 0.40
OA-Saline (n = 6) 3.00 § 0.89a 2.66 § 0.81a 3.16 § 0.75a 2.83 § 1.16a

OA-K (n = 6) 3.16 § 0.40a 2.33 § 0.51a 2.16 § 0.75 1.83 § 0.98

a p < 0.05 in comparison to NO-OA (Kruskal-Wallis Test and post-hoc test Dunn).
OA, Osteoarthritis; K, Ketamine.
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Discussion

In this study, we employed an experimental model of MIA-
induced osteoarthritis. The choice for MIA was based on its
established capacity to induce specific changes that closely
resemble those found in OA, such as subchondral bone scle-
rosis, osteophyte formation, cartilage damage, and
Figure 4 Photomicrograph of the synovial membrane in an experi
to D), OA-Ketamine Group (E to H), and NON-OA Group (I to L) stained
cell proliferation, subsynovial tissue growth, and inflammatory cell
observed in L, while a Grade 3 inflammation score is seen in C. Magni

6

alterations in biomarkers like glycosaminoglycans and
metalloproteinases.12,20,22 The articular condition that
developed in the animals after induction resulted in a reduc-
tion in forced walking scores, with the animals displaying
signs of joint discomfort, in line with previous findings by
other researchers.7,14,23 Rats treated with S(+)-ketamine
showed improved gait as early as the second week of the
mental model of MIA-induced osteoarthritis. OA-Saline Group (A
with hematoxylin and eosin. Notable changes in D show synovial
infiltration, classified as Grade 4. Grade 0 inflammation score is
fication: 100 £.
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experiment. Regarding joint discomfort, S(+)-ketamine
ameliorated the weight distribution deficit, and by the 14th

day, no significant difference was observed between the OA-
Ketamine and Non-OA groups.

Moreover, in terms of behavioral assessment, this study
demonstrated that MIA injection induced both allodynia and
mechanical hyperalgesia. Treatment with S(+)-ketamine effec-
tively reduced the intensity of both allodynia and hyperalgesia
until the end of the experiment. MIA injection was observed to
decline grip force OR MIA injection led to a decline in grip force
from the second week until the conclusion of the study in the
saline-treated group, indicating a potential decrease in muscle
strength. This finding aligns with those reported in other
studies.19,24 Conversely, S(+)-ketamine resulted in an increase
in grip force, possibly attributed to pain relief and subsequent
enhanced usage of the affected paw.

The significant differences observed between the groups
treated with S(+)-ketamine and saline in behavioral tests
can be attributed to NMDAr antagonism. These agents have
demonstrated potential in blocking or preventing hypersen-
sitivity states.2,25 NMDAr antagonists have already proven
effective in reducing chronic pain and preventing hyperalge-
sic phenomena. For instance, a study using MgSO4, known as
an NMDAr blocker, in an animal model of OA observed effects
on disease progression, including reduced chondrocyte apo-
ptosis and decreased nociception. This study also investi-
gated the behavior of the NR1 receptor, a subtype of NMDAr,
on chondrocyte membranes, revealing a decrease in recep-
tor expression, indicating potential prevention of articular
cartilage damage.20 Another study examining NMDAr expres-
sion in normal human chondrocytes affected by OA con-
cluded that NR1, NR2A, and NR2B receptors were present in
OA-affected human chondrocytes, with NR2B absent in nor-
mal chondrocytes. Furthermore, this study demonstrated
the blocking of these receptors by NMDAr antagonists.17

S(+)-ketamine exhibits a high affinity for NMDAr with NR1/
NR2A and NR1/NR2B subunit composition.26 Its greater affin-
ity (fourfold) for the receptor results in superior analgesic
potency. Studies in rats and mice have demonstrated that S
(+)-ketamine possesses approximately threefold greater
analgesic potency than its isomer and twice the potency of
the racemic mixture.11,27 In our study, we opted for a low
dose of S(+)-ketamine (0.5 mg.kg�1), in contrast to the doses
used in a similar study (12 and 24 mg.kg�1) involving a race-
mic mixture.7 Despite the differences in dosing between the
two studies, behavioral assessment data indicated a reduc-
tion in hyperalgesia and mechanical allodynia, as well as an
improved gait pattern, suggesting effective pain control.
These findings support the idea that low doses of intra-artic-
ular (IA) S(+)-ketamine could provide analgesic benefits.

In another study, intraperitoneal administration of S
(+)-ketamine was employed to evaluate its antiallodynic
effect in conjunction with ketamine and electroacupuncture
in a neuropathic pain model. The authors concluded that
ketamine injection reduced mechanical allodynia, except at
low doses (1 mg.kg�1).28 In our experiment, using a lower
dose (0.5 mg.kg�1) and an alternative route of administra-
tion, the drug effectively alleviated painful behavior within
6 hours of injection.

Our study also included a histopathological analysis to
assess synovial membrane inflammation at different time
points. However, we found no significant difference between
7

the S(+)-ketamine and saline-treated groups at any time,
which contrasts with the findings of two other studies − one
conducted in mice[7] and another in rabbits.8 These studies
differed from ours in using racemic mixtures and higher
doses of ketamine. Both studies demonstrated dose-depen-
dent effects of ketamine in reversing histopathological
changes associated with OA. In the mouse study, which uti-
lized an MIA-induced OA model, histopathological findings
were reversed only with a 24 mg.kg�1 dose of racemic keta-
mine − 48 times higher than the dosage in our study.7 The
rabbit study employed a different OA induction model
involving immobilization with plaster bandages, resulting in
fewer inflammatory cells, and reduced pathological changes
with increasing ketamine dosage.8 These results suggest
that higher doses of S(+)-ketamine may have an impact on
histopathological findings related to OA.

One of the limitations of this study is the absence of a direct
investigation into the mechanisms underlying the observed
improvements in behavioral test responses. Therefore, future
studies should consider conducting synovial lavage and collect-
ing articular cartilage samples to measure cytokine levels
(both anti-inflammatory and pro-inflammatory), nitric oxide
levels, receptor expression, and other relevant factors.
Conclusions

In summary, low doses of IA S(+)-ketamine effectively allevi-
ated painful behavior in rats following MIA-induced OA, as
evidenced by improvements in behavioral assessments.
However, it is important to note that the reversal of histo-
pathological changes in the synovial membrane of the stud-
ied joint was not achieved.
Data access

The study data is available upon request to the correspond-
ing author. For inquiries or to request access to the data,
please contact corresponding author.
Declaration of generative AI and AI-assisted
technologies in the writing process

During the preparation of this work the author(s) used CHAT
GTP in order to translate and for language improvement.
After using this tool/service, the author(s) reviewed and
edited the content as needed and take(s) full responsibility
for the content of the publication.
Declaration of competing interest

The authors declare no conflicts of interest.
References

1. Ahmed AS, Li J, Erlandsson-Harris H, Stark A, Bakalkin G, Ahmed
M. Suppression of pain and joint destruction by inhibition of the
proteasome system in experimental osteoarthritis. Pain.
2012;153:18−26.

http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0001
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0001
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0001
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0001


E.S. Neto, P.P. Pedro, M.S. Cart�agenes et al.
2. Lorenz H, Richter W. Osteoarthritis: cellular and molecular
changes in degenerating cartilage. Prog Histochem Cytochem.
2006;40:135−63.

3. Miller KE, Hoffman EM, Sutharshan M, Schechter R. Glutamate
pharmacology and metabolism in peripheral primary afferents:
physiological and pathophysiological mechanisms. Pharmacol
Ther. 2011;130:283−309.

4. Medeiros P, Negrini-Ferrari SE, Palazzo E, Maione S, Ferreira SH,
de Freitas RL, et al. N-methyl-D-aspartate Receptors in the Pre-
limbic Cortex are Critical for the Maintenance of Neuropathic
Pain. Neurochem Res. 2019;44:2068−80.

5. Matta C, Juh�asz T, Fodor J, Hajd�u T, Katona �E, Szu��cs-Somogyi C,
et al. N-methyl-D-aspartate (NMDA) receptor expression and
function is required for early chondrogenesis. Cell Commun Sig-
nal. 2019;17:166.

6. Richards MM, Maxwell JS, Weng L, Angelos MG, Golzarian J.
Intra-articular treatment of knee osteoarthritis: from anti-
inflammatories to products of regenerative medicine. The Phy-
sician and sportsmedicine. 2016;44:101−8.

7. Shetty YC, Patil AE, Jalgaonkar SV, Rege NN, Salgaonkar S, Tel-
tumbde PA, et al. Intra-articular injections of ketamine and 25%
dextrose improve clinical and pathological outcomes in the mono-
sodium iodoacetate model of osteoarthritis. Journal of basic and
clinical physiology and pharmacology. 2017;28:543−53.

8. Lu W, Wang L, Wo C, Yao J. Ketamine attenuates osteoarthritis
of the knee via modulation of inflammatory responses in a rab-
bit model. Molecular medicine reports. 2016;13:5013−20.

9. Hocking G, Cousins MJ. Ketamine in Chronic Pain Management:
An Evidence-Based Review. Anesth Analg. 2003;97:1730−9.

10. Lange M, Br€oking K, van Aken H, Hucklenbruch C, Bone HG,
Westphal M. Role of ketamine in sepsis and systemic inflamma-
tory response syndrome. Anaesthesist. 2006;55:883−91.

11. Peltoniemi MA, Hagelberg NM, Olkkola KT, Saari TI. Ketamine: A
Review of Clinical Pharmacokinetics and Pharmacodynamics in
Anesthesia and Pain Therapy. Clin Pharmacokinet.
2016;55:1059−77.

12. Combe R, Bramwell S, Field MJ. The monosodium iodoacetate
model of osteoarthritis: A model of chronic nociceptive pain in
rats? Neurosci Lett. 2004;370:236−40.

13. Fernihough J, Gentry C, Malcangio M, et al. Pain related behav-
iour in two models of osteoarthritis in the rat knee. Pain.
2004;112:83−93.

14. Kalff KMM, El Mouedden M, van Egmond J, et al. Pre-treatment
with capsaicin in a rat osteoarthritis model reduces the symp-
toms of pain and bone damage induced by monosodium iodoa-
cetate. Eur J Pharmacol. 2010;641:108−13.

15. Bove SE, Calcaterra SL, Brooker RM, et al. Weight bearing as a
measure of disease progression and efficacy of anti-inflamma-
8

tory compounds in a model of monosodium iodoacetate-induced
osteoarthritis. Osteoarthritis Cartilage. 2003;11:821−30.

16. Vivancos GG, Verri WA, Cunha TM, et al. An electronic pressure-
meter nociception paw test for rats. Braz J Med Biol Res.
2004;37:391−9.

17. Ramage L, Martel MA, Hardingham GE, Salter DM. NMDA recep-
tor expression and activity in osteoarthritic human articular
chondrocytes. Osteoarthritis Cartilage. 2008;16:1576−84.

18. Knights CB, Gentry C, Bevan S. Partial medial meniscectomy
produces osteoarthritis pain-related behaviour in female
C57BL/6 mice. Pain. 2012;153:281−92.

19. Chandran P, Pai M, Blomme EA, Hsieh GC, Decker MW, Honore P.
Pharmacological modulation of movement-evoked pain in a rat
model of osteoarthritis. Eur J Pharmacol. 2009;613:39−45.

20. Lee CH, Wen ZH, Chang YC, et al. Intra-articular magnesium sul-
fate (MgSO4) reduces experimental osteoarthritis and nocicep-
tion: association with attenuation of N-methyl-d-aspartate
(NMDA) receptor subunit 1 phosphorylation and apoptosis in rat
chondrocytes. Osteoarthritis Cartilage. 2009;17:1485−93.

21. Gerwin N, Bendele AM, Glasson S, Carlson CS. The OARSI histo-
pathology initiative ‒ recommendations for histological assess-
ments of osteoarthritis in the rat. Osteoarthritis Cartilage.
2010;18(Suppl 3):S24−34.

22. Guzman RE, Evans MG, Bove S, Morenko B, Kilgore K. Mono-
Iodoacetate-Induced Histologic Changes in Subchondral Bone
and Articular Cartilage of Rat Femorotibial Joints: AN Animal
Model of Osteoarthritis. Toxicol Pathol. 2003;31:619−24.

23. Pomonis JD, Boulet JM, Gottshall SL, et al. Development and
pharmacological characterization of a rat model of osteoarthri-
tis pain. Pain. 2005;114:339−46.

24. Lee Y, Pai M, Brederson JD, et al. Monosodium iodoacetate-
induced joint pain is associated with increased phosphorylation
of mitogen activated protein kinases in the rat spinal cord. Mol
Pain. 2011;7:39.

25. Boettger MK, Weber K, Gajda M, Br€auer R, Schaible HG. Spinally
applied ketamine or morphine attenuate peripheral inflamma-
tion and hyperalgesia in acute and chronic phases of experimen-
tal arthritis. Brain Behav Immun. 2010;24:474−85.

26. Weinbroum AA. Non-opioid IV adjuvants in the perioperative
period: pharmacological and clinical aspects of ketamine and
gabapentinoids. Pharmacol Res. 2012;65:411−29.

27. Trimmel H, Helbok R, Staudinger T, Jaksch W, Messerer B,
Sch€ochl H, et al. S(+)-ketamine : Current trends in emergency
and intensive care medicine. Wiener klinische Wochenschrift.
2018;130:356−66.

28. Huang C, Li HT, Shi YS, Han JS, Wan Y. Ketamine potentiates the
effect of electroacupuncture on mechanical allodynia in a rat
model of neuropathic pain. Neurosci Lett. 2004;368:327−31.

http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0002
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0002
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0002
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0003
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0003
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0003
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0003
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0004
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0004
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0004
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0004
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0005
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0005
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0005
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0005
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0005
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0005
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0005
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0005
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0006
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0006
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0006
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0006
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0007
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0007
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0007
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0007
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0007
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0008
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0008
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0008
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0009
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0009
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0010
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0010
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0010
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0010
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0011
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0011
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0011
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0011
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0012
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0012
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0012
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0013
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0013
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0013
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0014
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0014
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0014
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0014
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0015
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0015
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0015
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0015
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0016
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0016
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0016
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0017
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0017
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0017
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0018
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0018
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0018
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0019
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0019
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0019
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0020
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0020
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0020
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0020
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0020
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0021
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0021
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0021
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0021
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0022
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0022
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0022
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0022
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0023
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0023
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0023
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0024
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0024
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0024
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0024
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0025
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0025
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0025
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0025
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0025
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0026
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0026
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0026
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0027
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0027
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0027
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0027
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0027
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0028
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0028
http://refhub.elsevier.com/S0104-0014(24)00024-1/sbref0028

	The effect of low dose intra-articular S(+) ketamine on osteoarthritis in rats: an experimental study
	Introduction
	Methods
	Model of osteoarthritis induced by sodium monoiodoacetate
	Experimental design
	Behavioral assessment
	Motor activity assessment/RotaRod test
	Disability test/Hind leg weight distribution (weight bearing test)
	Mechanical allodynia assessment (Von Frey test)
	Mechanical hyperalgesia (Randall Selitto test)
	Grip force test

	Histopathological analysis
	Statistical analysis

	Results
	Effect of S(+)-ketamine on forced ambulation
	Effect of S(+)-ketamine on weight distribution on hind legs
	Effect of S(+)-ketamine on mechanical alodinia
	Effect of S(+)-ketamine on mechanical hyperalgesia
	Effect of S(+)-ketamine on grip force
	Effect of S(+)-ketamine on synovial membrane inflammation

	Discussion
	Conclusions
	Data access
	Declaration of generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	References


