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Abstract

The monosodium iodoacetate knee osteoarthritis model has been widely used for the evaluation of osteoarthritis pain, but
the pathogenesis of associated chronic pain is not fully understood. The T-type calcium channel 3.2 (Cay3.2) is abundantly
expressed in the primary sensory neurons, in which it regulates neuronal excitability at both the somata and peripheral
terminals and facilitates spontaneous neurotransmitter release at the spinal terminals. In this study, we investigated the
involvement of primary sensory neuron-Cay 3.2 activation in monosodium iodoacetate osteoarthritis pain. Knee joint oste-
oarthritis pain was induced by intra-articular injection of monosodium iodoacetate (2 mg) in rats, and sensory behavior was
evaluated for 35 days. At that time, knee joint structural histology, primary sensory neuron injury, and inflammatory gliosis in
lumbar dorsal root ganglia, and spinal dorsal horn were examined. Primary sensory neuron-T-type calcium channel current
by patch-clamp recording and Cay3.2 expression by immunohistochemistry and immunoblots were determined. In a subset
of animals, pain relief by Cay 3.2 inhibition after delivery of Cay 3.2 inhibitor TTA-P2 into sciatic nerve was investigated. Knee
injection of monosodium iodoacetate resulted in osteoarthritis histopathology, weight-bearing asymmetry, sensory hyper-
sensitivity of the ipsilateral hindpaw, and inflammatory gliosis in the ipsilateral dorsal root ganglia, sciatic nerve, and spinal
dorsal horn. Neuronal injury marker ATF-3 was extensively upregulated in primary sensory neurons, suggesting that neu-
ronal damage was beyond merely knee-innervating primary sensory neurons. T-type current in dissociated primary sensory
neurons from lumbar dorsal root ganglia of monosodium iodoacetate rats was significantly increased, and Cay3.2 protein
levels in the dorsal root ganglia and spinal dorsal horn ipsilateral to monosodium iodoacetate by immunoblots were signif-
icantly increased, compared to controls. Perineural application of TTA-P2 into the ipsilateral sciatic nerve alleviated mechan-
ical hypersensitivity and weight-bearing asymmetry in monosodium iodoacetate osteoarthritis rats. Overall, our findings
demonstrate an elevated Cay3.2 expression and enhanced function of primary sensory neuron-T channels in the monoso-
dium iodoacetate osteoarthritis pain. Further study is needed to delineate the importance of dysfunctional primary sensory
neuron-Cay3.2 in osteoarthritis pain.
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predominant symptom in most patients with OA and
often refractory to analgesia." A commonly used preclin-
ical model for OA consists of intra-articular injection of
monosodium iodoacetate (MIA), an irreversible inhibitor
of glycolytic enzyme glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH),”> into the animal joint space,
which produces a joint pathology with similarities to clin-
ical OA and significant pain-related behavior.>* Knee
injection of MIA is highly efficient in inactivating chon-
drocyte GAPDH, which results in reduced glycolysis and
cell death, followed by histological features typical of OA
joint damage.’ > The pathogenesis of chronic pain is com-
plex and includes components of joint degeneration with
cartilage loss and aggressive subchondral bone lesions
and remodeling, musculoskeletal impairments, neurogen-
ic inflammation, and neuropathic injury.®”

The rat knee joint is abundantly innervated by prima-
ry sensory neurons (PSN)s that have somata located in
the dorsal root ganglia (DRG) of lumbar (L) 3 to L5
levels.'® Sensory neuron terminals have been identified
throughout the joint, including the capsule, ligaments,
menisci, periosteum, and subchondral bone,!' and the
majority of these joint afferents are nociceptive.'?
Studies have demonstrated that sensitization of nocicep-
tor innervating the joint plays a crucial role in MIA joint
pain pathogenesis,'® and this process is accompanied by
DRG-PSN injury, gliosis, and extensive abnormalities
in peripheral sensory nervous system (PSNS), especially
at the late stage of disease, leading to peripheral and
central sensitization with features similar to peripheral
nerve injury-induced neuropathic pain.'* Animal studies
have shown that reduction of sensory thresholds devel-
ops in the hindlimb ipsilateral, and to some degree con-
tralateral, to the knee injured by MIA, suggesting the
presence of both peripheral and central sensitization.'”
Clinical findings, including referred pain and enhanced
temporal summation, additionally support the view that
peripheral and central sensitization contributes to chron-
ic OA pain.'® Thus, injury of the PSNs with neuropathic
pain-like sensitization is one of the defined mechanistic
correlates of OA-associated pain in both animal models
and human disease.'*!”

T-type calcium 3.2 channels (Cay3.2), which are
abundantly expressed in PSNs and their axons, deter-
mine low-threshold mechanoreceptor function, and
shape neuronal firing properties, has been demonstrated
in modulating chronic peripheral and central sensitiza-
tion in various chronic pain conditions.'® 2" Cay3.2
expression has also been detected in osteoblasts, osteo-
cytes, and chondrocytes.?! Several lines of evidences sup-
port involvement of Cay3.2 activation in OA pain
pathogenesis. It is reported that mechanotransduction
in bone is partially mediated through T-type voltage-
gated calcium channels, and Cay3.2 knockout mice dis-
play reduced cartilage damage following repetitive knee

loading-induced OA.*? Consistent with this notion, oral
small molecular selective Cay3.2 inhibitor produces
dose-dependent antinociception in rat MIA-induced
knee-joint pain.>* These studies verified that the aberrant
Cay3.2 activation in OA pain plays an important role in
pain pathogenesis; however, whether PSN-Cay3.2 acti-
vation is involved in the MIA-OA pain remains an open
question.

This study was designed to investigate whether PSN-
Cay3.2 activation plays a role in MIA-OA pain, focusing
on the advanced stage of MIA-OA that often presents
neuropathic pain-like pathology.”** We here present
the evidence showing that PSN-T-type channel activity
was enhanced and Cay3.2 expression increased at the
advanced stage of MIA-OA and that neuronal damages
beyond exclusively knee-innervating PSNs, which may
contribute to the pathogenesis of MIA-OA neuropath-
ic-like pain.

Methods and Materials

Animals

Experiments were performed in adult male Sprague
Dawley rats (5-6 weeks old; 125-150 g body weight) pur-
chased from Charles River Laboratories (Wilmington,
MA). Rats were housed in standard 12-h cycle lighting
and were allowed ad libitum access to food and water
prior to and throughout the experimental protocol. All
animal procedures were reviewed and approved by the
Animal Care Committee of the Zablocki VA Medical
Center Animal Studies Subcommittee and Medical
College of Wisconsin TACUC (Permission number:
3690-03). All efforts were made to minimize suffering
and the numbers of animals used. For tissue harvest
euthanasia, animals were deeply anesthetized by isoflur-
ane followed by decapitation with a well-maintained
guillotine. The numbers of rats used were detailed in
the relevant sections or figure legends of the experiments.

Induction of knee OA

The MIA model of knee OA was induced in isoflurane-
anesthetized animals as previously described.?® In brief,
after briefly anesthetized with isoflurane (2% v/v) vapor-
ized in oxygen, rats received a single intra-articular cavity
injection of 2mg MIA (Sigma—Aldrich, St. Louis, MO)
in 50pl sterile 1x phosphate-buffered saline (saline)
through the infrapatellar ligament of the right knee,
assisted by flexed the knee at a 90° angle. Control rats
received intra-articular injection of saline (50 pl).

Behavior tests

Animals were habituated in individual test compart-
ments for at least 1 h before each testing.?’~* Behavior
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tests carried out as previously described were performed
by personnel blind to the injection.

1. Weight-bearing (WB) asymmetry: An Incapacitance
tester (Columbus Instruments, Columbus, OH) was
used to determine hindpaw weight distribution. Rats
were placed in an angled Plexiglas chamber so that
each hindpaw rested on a separate force plate. The
change in hindpaw weight distribution was automat-
ically calculated by Incapacitance tester (the differ-
ence in the amount of weight (g) between the left
and right limbs). Essentially, the apparatus calculates
an average weight distribution over the span of 5 s,
and three recordings are taken for each rat. All three
recordings are then automatically averaged, and a
mean score is displayed. The primary dependent mea-
sure was % weight on ipsilateral hindpaw and was
determined by the formula: Weight bearings (%)=
force (g) of right hindpaw/[force (g) of left hind-
paw + force (g) of right hindpaw] x 100. A value of
less than 50% indicates a reduction in weight borne
on the ipsilateral hindlimb.

2. Mechanical allodynia: Static mechanical withdrawal
thresholds (von Frey, vF) were assessed by applying
the calibrated monofilaments (Patterson Medical,
Bolingbrook, IL) to the plantar surface of the hind-
paw. Briefly, beginning with the 2.8 g filament, fila-
ments were applied with just enough force to bend the
fiber and held for 1 s. If a response was observed, the
next smaller filament was applied, and if no response
was observed, the next larger was applied, until a
reversal occurred, defined as a withdrawal after a pre-
vious lack of withdrawal, or vice versa. Following a
reversal event, four more stimulations were per-
formed following the same pattern. The forces of
the filaments before and after the reversal, and the
four filaments applied following the reversal, were
used to calculate the 50% withdrawal threshold.
Rats not responding to any filament were assigned a
score of 25¢.

3. Mechanical hyperalgesia: Noxious punctate mechan-
ical stimulation (Pin test) was performed using the
point of a 22g spinal anesthesia needle that was
applied to the center of the hindpaw with enough
force to indent the skin but not puncture it. Five
applications were separated by at least 10s, which
was repeated after 2min, making a total of 10
touches. For each application, the induced behavior
was either a very brisk, simple withdrawal with imme-
diate return of the foot to the cage floor, or a sus-
tained elevation with grooming that included licking
and chewing, and possibly shaking, which lasted at
least 1 s. This latter behavior was referred to as hyper-
algesic behavior, which is specifically associated with
place avoidance.”” Hyperalgesia was quantified by

tabulating hyperalgesia responses as a percentage of
total touches.

4. Cooling stimulation (cold): Acetone was expelled
from a syringe attached to PE220 tubing to make a
meniscus that was touched to the plantar surface of
the hindpaw, such that the drop spread out on the
plantar surface of the paw without contact of the
tubing to the skin. Each hindpaw was tested three
times in alternating fashion. Any withdrawal was con-
sidered a positive response.

5. Heating plantar test (heat): Heat-pain threshold of
the hindpaw was determined using a device designed
for the purpose of identifying thermal sensitivity (Paw
Thermal Stimulator System, University Anesthesia
Research & Development Group, San Diego, CA).
Rats were placed on a temperature-regulated glass
platform heated to 30°C and the hindpaws stimulated
with a radiant heat source (50 W halogen bulb) direct-
ed through an aperture. The time elapsed from initi-
ation of the stimulus until withdrawal (withdrawal
latency) as detected by a series of photocells was mea-
sured. Each hind paw was tested four times and the
withdrawal latency values averaged.

Histology and immunohistochemistry (IHC)

Following behavior testing at the fifth week after MIA
injection, animals were terminally anesthetized. Tissues
were used at this timepoint since this represents an
advanced stage at which all articular structure and
behavior changes associated with OA application have
become fully developed.**!

1) Knee histopathological analysis: The knee joints
from the tibia to the distal metatarsal including the
tarsal joint were resected and fixed with 10% neutral-
buffered formalin for 48 h at room temperature. The
fixed specimens were decalcified in Immunocal
(ThermoFisher, Waltham, MA) for two weeks and
embedded in paraffin. Sections of the tissue specimens
were acquired from the paraffin blocks at 5um thick-
ness, deparaffinized and rehydrated in the order of
xylene and series of absolute to 50% alcohol. The rehy-
drated sections were stained with hematoxylin and eosin
(H&E) for the observation of morphological changes in
the articular tissues. Images of knee joint histology were
captured using a Keyence BZ-X800 microscope
(Keyence Corporation, Itasca, IL).

2) Immunohistochemistry (IHC): DRG and lumbar
spinal cord (SC) segments were dissected, post-fixed in
10% buffered formalin, and processed for paraffin
embedding and sectioning. IHC double staining was per-
formed to characterize the distribution of target mole-
cules in tissue sections, as previously described.** In
brief, after deparaffinized and hydrated, sections were
treated by heat-induced antigen epitope retrieval in
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Table I. Primary antibodies and IgG controls used in this study.

Antibody Host Supplier/Cat#/RRID® Dilution

1B4 LF/121413 1.0 pg/ml

Cay3.2* Rabbit polyclonal Alomone/ACC025/AB2039781 1:500 (IHC), 1:1000 (Wb)
ATF3 Rabbit polyclonal SCB/SC188 1:200 (IHC), 1:800 (Whb)
Ibal Rabbit polyclonal Wako/019-19741 1:1000 (IHC)

GFAP Rabbit polyclonal monoclonal Dako/Z0334 1:500 (IHC)

Tubb3 Mouse monoclonal monoclonal SCB/sc-80016 1:400 (IHC), 1:1000 (Wb)
GAPDH Mouse monoclonal monoclonal Sigma/SAB1403850 1:2000 (WB)

1gG control Mouse LF/31903 1:100~400

1gG control Rabbit LF/MAS5-16384 1:100~1000

Cay3.2: T-type voltage-gated calcium channel 3.2; IB4: isolectin IB4; ATF3: activated transcriptional factor 3; Ibal: ionized calcium-binding adapter molecule |;
GFAP: glial fibrillary acidic protein; Tubb3: 33-Tubulin; GAPDH: glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase; IgG: immunoglobulin G; IHC:

immunohistochemistry; WB: weight bearing.

*Antigenic peptide: CHVEGPQERARVAHS, corresponding to amino acid residues 581-595 of rat Cay3.2 intracellular loop between domains DI and D2.
°LF, Life Technologies, Carlsbad, CA; Alomone, Alomone Labs, Jerusalem, Israel; SCB, Santa Cruz Biotechnology, Santa Cruz, CA; Wako, Richmond, VA;

Dako: Carpinteria, California; Sigma, Sigma—Aldrich, St Louis, MO.

10 mM citrate buffer, pH 6.0. Sections were first immu-
nolabeled with the selected primary antibodies overnight
at 4°C (Table 1). A well-characterized Cay3.2 antibody
was used, which is raised against a rat Cay3.2 peptide,
corresponding to amino acid residues 581-595 of rat
Cay3.2 intracellular loop between domains D1 and D2
and its specificity to detect the target has been verified by
IHC on Cav3.2 knockout tissue.** All antibodies were
diluted in 1x PBS, containing 0.05% Triton X-100 and
3% bovine serum albumin (BSA). Normal immunoglob-
ulin G (IgG from the same species as the first antibody,
Table 1) was replaced for the first antibody as the neg-
ative controls. The appropriate fluorophore-conjugated
(Alexa 488 or Alexa 594, 1:2000) secondary antibodies
(Jackson ImmunoResearch, West Grove, PA) were used
to reveal immune complexes. The sections were washed
three times for Smin each with PBS containing 0.05%
tween-20 between incubations. To stain nuclei, 1.0 pg/ml
Hoechst33342 (Hoechst, ThermoFisher) was added to
the secondary antibody mixture. The sections were
examined, and images captured using a Nikon
TE2000-S fluorescence microscope (El Segundo, CA)
with filters suitable for selectively detecting the green
and red fluorescence using a QuantiFire digital camera
(Optronics, Ontario, NY). For double label colocaliza-
tion, images from the same section but showing different
antigen signals were overlaid. Quantification of the per-
centage of ATF3-positive DRG neurons was determined
by counting the number of ATF3 immunoreactive (IR)
and non-IR neurons with visible nuclei marked by
Hoechst, as previously described.** For quantification
of spinal dorsal horn (SDH) Cay3.2 immunostaining,
the Image J (Image] v.1.46, National Institutes of
Health) was used to quantify changes in immunolabeled
fluorescent densities as described previously,*> with some
minor modifications. In brief, the sections with

symmetrical width of DHs throughout the mediolateral
axis were used for measurement, and the upper and
lower threshold optical densities were adjusted to
encompass and match the immunoreactivity (IR) that
appears in red. A standardized rectangle was first posi-
tioned over laminae territory throughout the mediolat-
eral axis on the contralateral DH. The area and density
of pixels within the threshold value representing IR were
calculated and the integrated density was the product of
the area and density. The same box was then moved to
the corresponding position on the opposite DH and the
integrated density of pixels within the same threshold
was again calculated. Comparisons of both sides of
DHs were made only within the same sections and den-
sity values on the ipsilateral side were expressed as a
percent of the contralateral side, providing an estimate
of fold change for each section.

Immunoblots

DRG and SDH tissues at the fifth week after MIA or
saline injection were harvested. The lysates from DRG
and SDH tissues were extracted using 1x RIPA buffer
(20 mm Tris-HCI pH 7.4, 150 mm NaCl, 1% Nonidet P-
40, 1% sodium deoxycholate, 0.1% SDS, with 0.1%
Triton X100 and protease inhibitor cocktail). Protein
concentration was determined by using the Pierce BCA
kit (ThermoFisher). Equivalent protein samples were
size separated using 10% or 4%-20% SDS-PAGE gels
(Bio-Rad Laboratories, Des Plaines, IL), transferred to
Immun-Blot PVDF membranes (Bio-Rad) and blocked
for 1h in 5% skim milk. The blots were cut into two
halves along protein size around 70 KDa.*® then subse-
quently incubated overnight at 4°C with appropriate
antibodies. IR proteins were detected by Pierce enhanced
chemiluminescence (ThermoFisher) after incubation for
1h with HRP-conjugated second antibodies (1:5000,
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Bio-Rad). The densitometry of bands of interests was
analyzed using ImageJ v.1.46. Ratios of the band density
of the target proteins to GAPDH band density were
calculated and the percentage changes of target proteins
in the experimental samples compared with those from
the control samples.®”-*®

Whole-cell patch-clamp recording of T-type Ca*"
channel current on dissociated DRG neurons

Whole-cell patch-clamp recording on dissociated DRG
neurons was performed, as described previously.* In
brief, the DRG (L3, L4, and L5) were rapidly harvested
from the isoflurane-anesthetized animals and were incu-
bated in 0.01% blendzyme 2 (Roche Diagnostics,
Madison, WI) for 30min followed by incubation in
0.25% trypsin and 0.125% DNase for 30 min, both dis-
solved in DMEM/F12 with glutaMAX (ThermoFisher).
After exposure to 0.1% trypsin inhibitor and centrifuga-
tion, the pellet was gently triturated in culture medium
containing Neural basal media A (ThermoFisher) plus
0.5 um glutamine. Dissociated cells were plated onto 5%
laminin-coated glass coverslips (ThermoFisher) and
maintained at 37°C in humidified 95% air and 5% CO,
for 2 h and were studied no later than 6-8 h after harvest.
Electrophysiological recordings on the DRG neurons
were performed in a blind manner where the electro-
physiologist was not aware of the treatment (MIA or
saline). Voltage-induced currents flowing through Ca’*
channels were recorded using an extracellular solution
containing (in mM): 2 BaCl,, 4-aminopyridine 1, 10
HEPES, 140 tetracthylammonium chloride (TEACI),
pH of 7.4, with an osmolarity of 300 mOsm. To selec-
tively record T-type low-voltage activated (LVA) calci-
um currents (Ic,), neurons were preincubated in a
Tyrode’s solution with 0.2uM w-conotoxin GVIA,
0.2puM nisoldipine, and 0.2puM w-conotoxin MVIIC
for at least 30min. w-conotoxin GVIA irreversibly
blocks N-type Ica, and w-conotoxin MVIIC irreversibly
blocks P-/Q-type Ic,. The concentrations used were sat-
urating in preliminary experiments.”” Any residual high-
voltage activated (HVA) Ic, following incubation of
HVA calcium channel blockers was eliminated by
using fluoride in the internal pipette solution.**" The
fluoride (F )-based internal solution, which was used
in all experiments examining LVA Ic,, contained (in
mM): 135 tetra-methyl ammonium hydroxide (TMA-
OH), 10 EGTA, 40 HEPES, and 2 MgCl,, adjusted to
pH 7.2 with hydrofluoric acid. A selective and reversible
T-type Ca®" channel blocker, TTA-P2 (3, 5-dichloro-N-
[1-(2,2-dimethyl-tetrahydropyran-4-ylmethyl)-4-fluoro-
piperidin-4-ylmethyl]-benzamide, Alomone Labs,
Jerusalem, Israel),** was used to confirm the T-type
I Patch pipettes, ranging from 2-4MQ resistance,
were formed from borosilicate glass (King Precision

Glass Co., Claremont, CA) and fire polished.
Recordings were made with an Axopatch 700B amplifier
(Molecular Devices, Downingtown, PA). Signals were
filtered at 2kHz and sampled atl0 kHz with a
Digidata 1440 A digitizer and pClampl0 software
(Molecular Devices). Series resistance (5-10 MQ) was
monitored before and after the recordings, and data
were discarded if the resistance changed by 20%. After
achieving the whole cell recording, capacitance and
series resistance were compensated accordingly. Leak
currents were digitally subtracted using a P/4 leak sub-
traction protocol. Voltage protocols consisted of 400-ms
square-wave commands from a holding potential of
—90mV for LVA to +60mV in 10mV increments with
S5sintervals between steps. The peak T-current was mea-
sured after subtracted from the current at the end of the
depolarizing test potential to avoid contamination with
residual HVA currents.** Measured inward current was
normalized by membrane capacitance, which results in a
T-channel I, density corrected for cell size (pA/pF). To
determine the current—voltage (I-V) relationship of
voltage-dependent activation, the peak Ic, densities
during each voltage command step were fitted to a
smooth curve with a Boltzmann equation:
I'=Gmax(V—Erey)/[(1+exp[(V—V50)/K))], which provided
the maximum conductance (G,.,). Normalized activa-
tion curves were fitted with a Boltzmann equation G/
Gax = /(1+exp(Vso—Vm)/k), where G was calculated
as follows: G=1/(Vm—E,.). The steady-state inactiva-
tion curves were fitted with I/Imax=1/(1+exp
(Vso—Vm)/k). In all of the equations, Vs, denotes the
half-activation and half inactivation potentials, Vm is
the membrane potential, Erev is the inversion potential,
k is the slope factor, G is the conductance, and I is the
current at a given Vm; G« and I, are the maximum
conductance and current, respectively.

Subepineural sciatic nerve injection

In this experiment, injection was performed in a blinded
manner by which the operator was unaware of the con-
tent of the injectate. TTA-P2 was dissolved in dimethyl
sulfoxide (DMSO) to a 100 mM stock solution, stored at
—20°C, diluted to desired concentrations with saline just
before use. It is reported that half of the total cross-
section inside the sciatic nerve (SN) epineurium in
human consists of non-neural connective tissue.*' Rats
at five weeks post MIA knee OA induction were ran-
domized into two groups, and subepineural sciatic
nerve injection (SSNI) was performed as previously
described,*** with some modification. In brief, after
appropriate anesthesia was obtained by inhalation of
2% isoflurane, the SNs were exposed by lateral incision
of the middle thighs and division of the superficial fascia
and muscle. Then 100l of the test dose at TTA-P2
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(containing 0.01% DMSO) was injected slowly, directly
into subepineural space (beneath the clear fascia sur-
rounding the nerve but outside the perineurium) through
a 33-gauge needle, proximal to the sciatic bifurcation.
The needle remained in place at the injection site for 1
additional min, before it was slowly removed. The TTA-
P2 dose used were saturating in preliminary experiments.
Control rats received SSNI with 100 pl saline containing
0.01% DMSO. The superficial muscle layer was sutured
with 4-0 silk, and the wound was closed with metal clips.
Ipsilateral hindpaw mechanical allodynia (vF) and
hyperalgesia (Pin) as well as WB asymmetry were
tested before and 15, 30, 45, 60, 120, and 180 min after
animal recovered after injection of TTA-P2 or vehicle.

Statistics

All statistical analysis was performed using Prism pro-
gram (GraphPad Software, San Diego, CA). Data were
expressed as means+ SEM. A probability of p<0.05
was considered as statistically significant. Behavioral
changes over time in each group were analyzed by
repeated measures parametric two-way ANOVA for

Saline
. meniscus
¢ 4

(c) wB

von Frey, WB, and heat testing with post hoc multiple
comparison by Tukey’s test, and non-parametric
Friedman’s ANOVA for pin and cold testing with
Dunn’s test for post hoc analysis. Differences of ATF3
immunopositivity, patch recording T-channel peak Ic,
density, and immunoblot Cay3.2 protein levels between
groups were compared with a two-tailed, unpaired 7 test.

Results

MIA OA knee histopathology and pain behavior

Histological examination of H&E staining of knee joints
35days following intra-articular injections demonstrate
that saline-treated knees have intact and smooth articu-
lar surfaces. MIA-treated knees displayed typical struc-
tural joint damage 35days after MIA knee cavity
injection as reported,”>* showing a considerable loss
of articular cartilage surrounding the subchondral
bone along the joint, combined with bone
marrow lesions and collapse of subchondral bone
(Figure 1(a-al) and (b-bl), n=4 per group) which has
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Figure 1. MIA OA histopathology and pain behavior. H&E stained sagittal section of saline-injected knee with femoral condyle at the left
and tibial condyle at the right, showing full-depth normal cartilage and normal subchondral bone structure (a), and the region within the
square shown at high magnification (al). OA-like findings in a representative H&E-stained sagittal section of knee five weeks after MIA
(2 mg) injection, showing articular cartilage loss (arrowheads), reduced chondrocyte numbers, subchondral bone collapse (arrows) (b), and
the region within the square shown at high magnification (bl). Scale bar: 100 um for all. Intra-articular knee injection of 2 mg MIA-induced
pain behavior measured as ipsilateral hindlimb WB asymmetry (c), increased responsiveness to innocuous mechanical stimulation (von
Frey, d), noxious pin touch (e), and dynamic innocuous mechanical stimulation (brush, f), and reduced thresholds to heat (g) and cold (h)
stimulation. Repeated measures two-way ANOVA with Bonferroni post-hoc for WB, von Frey and heat; and nonparametric analyses by
Friedman’s test with Dunn’s post hoc for Pin, brush, and cold. #p < 0.05, #p < 0.01, and *#p < 0.001 for comparison to baseline (BL) and
*p < 0.05, ¥p < 0.01, and ***p < 0.001 for comparison between groups after MIA or saline knee injection.



Shin et al.

been reported to be associated with the resultant pain
behavior.*’

All of the rats that received 2 mg MIA knee injection
exhibited asymmetric hindlimb weight bearings (WB)
throughout the course of the study, confirming OA
knee spontaneous pain development following MIA
knee injection. Specifically, following MIA knee injec-
tion, animals displayed significant reduction of WB on
the ipsilateral hind limb compared to their respective
saline control with weight symmetry. The magnitudes
of WB reduction were similar to previous reports>>->
and persisted during the entire five weeks after OA
induction. In addition to pain on loading (WB), all ani-
mals injected with MIA developed consistent and signif-
icant 1ipsilateral mechanical allodynia to normally
innocuous mechanical stimulation (brush and vF) and
hyperalgesia to noxious mechanical stimulation (Pin), as
well as hypersensitivity to heat and acetone (Figure 1(c)—
(h)). These were evident by one week and persisted for
the entire five weeks for which the MIA-injected animals
were tested. Mechanical allodynia (vF) but not mechan-
ical hyperalgesia or thermal stimulation was also
observed on the contralateral hindpaw (Figure 1(d), (e)
and (g)). These data show that MIA induces significant
local (knee joint) and remote (hindpaw) sensitization.
Conceivably, the mechanical and thermal stimulated
hindpaw withdraw during tests can also facilitate knee
local pain because of knee movement triggered by
repeated stimulation at hindpaw plantar. These findings,
together with previous observations by others,*® indicate
that MIA-induced OA, in addition to direct unilateral
knee damage, induces central sensitization that can also
spread sensitization to the contralateral hindpaw.

MIA-OA induces extensive PSN injury and
inflammatory gliosis in PNS and SDH

Increased activating transcription factor 3 (ATF3)
expression is a selective marker of neuronal damage.*’
An increase of ATF3 expression in the PSNs is a robust
finding in peripheral nerve injury-induced neuropathic
pain and also a common phenomenon of MIA OA
pain models.”> Here, we analyzed ATF3 expression by
IHC in the lumbar DRG harvested at the five weeks post
MIA injection (n =4 rats). This showed clearly increased
ATF3 immunopositivity in the majority of the neurons
from the sections of all L3, L4, and L5 DRG, while weak
ATF3-positivie neurons were visualized in ~10% neu-
rons from controls (Figure 2(a)-(e)). ATF3 is not
thought to be expressed during inflammation,*® so
these suggest that PSN damage was a pathological fea-
ture at the late stage after 2mg MIA treatment and
occurred in a broad segment of lumbar DRG. It is
well-characterized that MIA injection induces inflamma-
tory response not only in the knee but also along the

peripheral sensory pathways and SDH,*® which can
also mediate neuronal injury.”** Glial cells in the senso-
ry pathways can respond to peripheral tissue damage,
releasing factors that interact with neurons to regulate
their function.*” We next determined the inflammatory
gliosis in PNS and SDH five weeks after MIA injection
by IHC, using antibodies of GFAP to selectively identify
DRG satellite glial cells (SGCs) and SDH astrocytes, as
well as Ibal to selectively identify microglia (Figure 2(f)—
(0)). Our results showed clear increases of both GFAP-
and Ibal-positive glial cell populations, indicative of
extensive gliosis in the PNS and SDH ipsilateral to
MIA, in agreement with previous findings that showed
proliferation/activation of glial cells in PNS and SDH
after MIA joint injection.”™' Data suggest that neuronal
damage and inflammatory responses are beyond merely
knee-innervating PSNs but rather involves widespread
changes in sensory neurons.*>->

MIA-OA increases T-type Ca*" channel current
in PSNs

Abundant data support an important role of Cay3.2 in
generating pain states including various inflammatory
and neuropathic pain models.”®> We next focused on
examining whether T-type Ca’" channel activity was
altered in the MIA OA model, using electrophysiological
recording of T-channel current (Ic,) of PSNs dissociated
from DRGs five weeks after MIA injection. LVA cur-
rent was isolated by blocking HVA currents with specific
toxins.> We chose to record from small- to medium-size
PSNs (<40 um soma diameter) because these are likely
nociceptors and have T-type currents under normal con-
ditions.>*>* Since ATF3 immunostaining indicated neu-
ronal damage in the majority PSNs in L3, L4, and L5
DRG at the late stage after 2mg MIA injection, whole-
cell patch-clamp was conducted on the randomly select-
ed PSNs dissociated from L3, L4, and L5 DRG,
individually (n=4 for each L3, L4, and L5 DRG from
four rats per group). To determine the expression of
T-type currents, we set holding potentials (}}) to
—90mV and recorded currents during depolarizations
to test potentials (V) of —80 to +60mV in 10mV incre-
ments. The resulting inward currents showed a crossing
pattern of T-type channels (Figure 3(a) and (b)). Neurons
expressing LVA currents represented 44% (60 out of 137
cells recorded) of the total population in saline vs 47% (60
out of 128 cells recorded) in MIA neurons. Application of
5uM TTA-P2 inhibited >90% of the current, confirming
that these were currents through the T-type channel.
Current—voltage (I-V) relationships showed that average
I, intensity was increased >2 fold for neurons from L3,
L4, or LS DRG of MIA animals compared to the saline-
injected groups, across a wide range of test potentials
(—=80 to +20mV) (Figure 3(c)«(f)). No significant
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Figure 2. IHC characterization of PSN damage and inflammation. (a-e) shows representative IHC images stained for ATF3 (red) and
counterstained by Hoechst on DRG sections five weeks after saline (a) or 2mg MIA injection (L3, b; L4, ¢; and L5, d), with bar chart (e)
showing the quantitative comparison of the percentage of ATF3-positive neurons in L3 to L5 DRG between saline and MIA groups (n=3
DRG per group). Values are ATF3-positive number of total determinations (neurons with visible nuclei); *** denotes p < 0.001, two tailed
unpaired Student’s t tests. (f-m) show representative IHC staining for GFAP and Iba-1 on lumbar SC and DRG sections. In comparison
with controls that display symmetrically scattered distribution of GFAP-positive astrocytes (green) and Ibal-positive microglia (green) in
the lumbar SDH (f, h), marked gliosis for both astrocytes and microglia are seen ipsilateral to MIA OA in the SDH (g, i), with asterisks in
panel (i) indicating microgliosis in dorsal root ipsilateral to MIA injection. In the DRG, minimal staining is evident for Iba-1 and GFAP after
saline knee injection (j, I), but shows abundant positive staining after MIA knee injection for Iba-1 (k) and GFAP (m). Microgliosis is also
evidence in sciatic nerve (cf. panel n of control and panel o of MIA). Scale bar: 50 pm for all.

alteration on the voltage-dependent activation and
steady-state inactivation propertics was observed
(Figure 3(g)—(h)). Together, the results suggest that T-
type channel activity was significantly enhanced after
MIA compared to the control group; and this effect,
since the activation and inactivation kinetics were
spared, was unlikely due to the change in T-channel bio-
physical properties but might be resulted from the
increased Cay3.2 expression that can lead to enhanced
channel activity.'®>

MIA-OA induces increased Cay3.2 expression in
nociceptive pathways

We next examined and compared Cay3.2 protein expres-
sion in DRG and SDH between MIA- and saline-treated
animals at the advanced stage (35 days) of MIA OA by
IHC and immunoblots. In the control DRG, high
Cay3.2 IR signals were preferably detected in small-
and medium-sized PSNs co-stained with IB4 and
CGRP (Figure 4(a) and (b)). High Cay3.2-IR was also
detected in the IB4, CGRP, pCaMKII, and Tubb3 pos-
itive axonal fibers in SN (Figure 4(c), (e), (f), (g)), as well

as IB4 (Figure 4(d)) and Tubb3 (Figure 4(h)) positive
dermal nerve bundles of hindpaw glabrous skin. IHC
patterns of Cay3.2-IR in SC, DRG, and SN were in
agreement with previous reports.**>>> Quantitative
comparison of DRG-Cay3.2 protein levels was per-
formed by western blots. Since neuronal damages with
enhanced PSN T-channel I, density were evident in
multiple segments of lumber DRG derived from MIA-
treated animals, pooled L3-L5 DRG were used to pre-
pare samples for immunoblots. Results showed that
Cay3.2 protein levels in the pooled L3-L5 DRG were
significantly increased in the MIA-OA group compared
to control samples (Figure 4(i)). Since the DRG tissues
harvested contained adjacent roots and spinal nerve
attached, the increased Cay3.2 protein levels reflected
increased Cavy3.2 in both PSNs and their axons. IHC
examination on lumbar SC cross-sections showed fairly
symmetric Cay3.2-IR preferably in the neurons of ipsi-
lateral and contralateral SDH of saline-treated animals
(Figure 5(a-al)), whereas the Cay3.2-IR of ipsilateral
DH (Figure 5(b)) that showed microgliosis (Figure 5
(c)) in MIA-treated rats was apparently increased com-
pared to the contralateral site (Figure 5(a) and (al)), and
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Figure 3. Enhanced T-type Ca®" current in PSNs after MIA treatment. Representative traces of T-type I, from L4 PSNs dissociated from
the saline (a) and MIA-treated rat (b) five weeks after injection. I, is evoked by command voltage steps from —90 mV (holding potential)
to a test potential from —80 to +60 in 10 mV increments. Scatter and line plots show |-V relationships of the grouped data in the saline
(open circles) and MIA groups (filled black circles) recorded in the small- and medium-sized PSNs dissociated from L3 (c), L4 (d), and L5 (e)
DRG, as well as L3-L5 pooled data (f); with scattered dot plots with medians on the right of each panel summarized peak I, density; *#*
denote p < 0.001 by two-tailed unpaired Student’s t tests for comparison between saline and MIA groups, respectively. The number in each
bracket below x axis is the PSN numbers recorded per group. The plots (g and h) show the voltage-dependent activation and steady-state
inactivation curves in two groups, with insets showing half activation and half inactivation, respectively.

this was verified by quantification of Cay3.2 immunola-
beled fluorescent densities (Figure 5(d) to (f)).
Quantitative comparison of Cay3.2 protein levels by
western blots verified ~2 fold higher of Cay3.2 in the
ipsilateral DH than that of contralateral DH (Figure 5
(g)). Together, these experiments demonstrate that MIA-
OA induces increased Cay3.2 expression in nociceptive
pathways including PSNs and their axons and DH neu-
rons, which may have implications for promotion of
chronic pain, and consequently, blocking Cay3.2 chan-
nels should attenuate the pain behavior.

SN injection of TTA-P2 attenuates mechanical
hypersensitization and WB asymmetry
To further investigate whether enhanced Cay3.2 in the

PSNS after MIA knee injection contributed to pain
behavior, we evaluated the effects of ipsilateral SSNI

of TTA-P2, a potent and selective blocker of T-channels
and antinociceptive agent, on mechanical allodynia and
hyperalgesia, as well as WB asymmetry in MIA rats. In
this experiment, TTA-P2 effects on neuropathic pain-
like sensitization were evaluated at day 35 after MIA
injection, an advanced stage of knee joint damage with
established pain behavior. The vF and Pin testing
thresholds as well as WB asymmetry at day 35 after
MIA injection, before SSNI TTA-P2 were measured as
the treatment baseline (n = 5 rats). Results showed that a
single delivery of 100ng TTA-P2 to PNS by SSNI
induced fast analgesic effects, and the peak effects by
vF, Pin, and WB tests were achieved 30 min post injec-
tion, displaying completely normalized innocuous
mechanical allodynia, hyperalgesia aversion, and WB
symmetry; and the effects reduced to treatment baseline
levels 2h post-administration, compared to saline
injected group (Figure 6(a)~(c)). No abnormal
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Figure 4. Increased expression of Ca,3.2 in DRG of MIA OA pain rats. Representative IHC montage images show that Ca,3.2-IR (a, b,
green) and merged images of Ca,3.2 colabeled with CGRP (red) or IB4 (red) on the sections from naive L4-DRG. Representative montage
IHC images show that Ca,3.2-IR (c—h) and merged images Ca,3.2 colabeled with 1B4 (c, sciatic nerve; d, dermal nerve bundle), CGRP (e,
sciatic nerve), pCaMKIl (f, sciatic nerve), or Tubb3 (g, sciatic nerve; h, dermal nerve bundle, pointed by arrowheads). Scale bar: 50 um for
all images. Quantitative comparison of Ca,3.2 expression in DRG tissues between MIA and saline groups were performed by Western
blots (i) and scattered dot plots with medians in the right summarizes the grouped data; ** denote p < 0.01 by two-tailed unpaired

Student’s t test.

ambulation was noted for animals injected with TTA-P2
during the testing period. These data indicate that selec-
tive block of Cay3.2 channels in the PNS leads to alle-
viation of mechanical hypersensitivity and WB
asymmetry, suggesting that Cay3.2 channels likely play
a role in hypersensitivity, at least, in the advanced stage
of MIA OA pain.

Discussion

In this study, the involvement of PSN-T-type Ca*" chan-
nel dysfunction at the late stage of MIA knee OA pain
was demonstrated by several experimental evidence: (1)
PSN-T-type ICa is significantly enhanced in L3-L5 DRG
ipsilateral to MIA-OA, (2) Cay3.2 expression is
increased in spinal dorsal horn and PSNs and their
axons, and (3) PNS block of Cay3.2 function alleviates
hindpaw mechanical allodynia and hyperalgesia, as well
as WB asymmetry in MIA animals. Thus, our findings
provide evidence linking enhanced PSN-Cay 3.2 channel
activity to MIA-OA pain perception during the late

stage. Whether dysfunctional PSN-Cay3.2 is involved
in the early inflammatory stage of MIA OA is not exam-
ined by this study.

The Cay3.2 is the predominant isoform of the T-type
Ca’>" channel family, consisted of Cay3.1, Cay3.2, and
Cay3.3, found in PSNs. Cay3.2 channels that modulate
the function of peripheral and central nociceptive path-
ways by influencing peripheral sensory perception, neu-
ronal excitability, and SC synaptic plasticity and
neurotransmitter release.'® Elevated expression and/or
enhanced functionality of Cay3.2 channels have been
well-defined,” in overall, a range of painful conditions
across a variety of animal models, including inflamma-
tory pain,®’>® neuropathic pain,>-®° diabetic peripheral
neuropathic pain,®’ **chemotherapy-induced peripheral
neuropathy,®® and postsurgical pain model (i.e. paw inci-
sion).” Activation of Cay3.2 channels following nerve
damage in these models play critical roles in generating
peripheral and central sensitization manifesting as pain
hypersensitivity. An increased Cay3.2 activity that
underlies the OA pain pathology is implicated;***
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Figure 5. Increased expression of Cay3.2 in DH of MIA OA pain rats. Representative IHC montage images of Cay3.2-IR (a, green) and
merged image of Ca,3.2 colabeled with IB4 (al, red) show that Ca,3.2 is symmetrically distributed in the bilateral SDH of saline-treated
rat. Ca,3.2-IR in DH and dorsal column regions is apparently increased (b), parallel with the increased Ibal-labeled microglia (c) in the

ipsilateral (ipsi.) DH of MIA-treated rat. White dashed lines outline the approximate DH and SDH with white matter pseudocolored in
blue. Scale bar: 100 um for all. DH Ca,3.2 immunolabeled fluorescent densities of saline (a) and MIA (b) were inverted, the upper and

lower threshold optical densities of Ca,3.2 signals adjusted to encompass and match the IR that appears in red (d) and (e), respectively; and
quantified as described in Method. The rectangles (d and e) positioned over laminae territory throughout the mediolateral axis on the
contra. and ipsi. DHs. The integrated density (product of area and density) calculated, and fold change (ipsi./contra.) summarized in panel
(f). Quantitative comparison of Ca,3.2 protein levels in DH between ipsilateral and contralateral sites was performed by Western blot. The
images (g) and scattered dot plots with medians in the right of (g) summarize of the grouped data; * denote p < 0.05 by two-tailed unpaired
Student’s t test.

however, less is known about the expression and func-
tional changes of Cay3.2 in the nociceptive pathways in
the MIA-induced OA pain. Our data demonstrate
increased Cay3.2 expression with enhanced function at
the late stage after MIA injection, and neuropathic-like
injury in PSNs can also be proposed by the demonstra-
tion of increased ATF3 IR in PSNs and extensive micro-
gliosis in PNS. It is reported that, approximately, 5% of
all DRG neurons in rat innervate knee, and most of
them are from L3 and L4 DRG while less L5-DRG
neurons innervate knee.** The increased patterns of the
PSN-Cay3.2 and ATF3 changes as we observed indicat-
ed a significant percentage of sensory neurons from L3
to L5 DRG were injured during late stage of MIA OA.
This may suggest sensory neuron injury beyond exclu-
sive sensitization of knee innervating PSNs,®® and these
comorbidities of knee- and non-knee-innervating PSN
injury may significantly relate to MIA OA pain

pathogenesis and influence the disease course. This
observation is consistent with pain referred to other
areas beyond the joint at the OA advanced stage, as
reported in OA animal models showing both articular-
and  hindpaw-PSN  sensitization”*>%* and in
patients.”->*¢7

Our experiments did not investigate the mechanism of
upregulation of PSN-Cay3.2 in MIA OA pain, but this
could include MIA OA-associated inflammatory
responses and injury along the nociceptive pathway. It
is known that PSN injury and microgliosis in PNS and
SC are the hallmarkers of nerve injury-induced painful
neuropathy, and the infiltration and activation of
inflammatory cells can induce sensory neuron
damage,*’ which correlates mechanistically to Cay3.2
dysfunction.’**%® These pathological characteristics
also occur in the advanced stage of MIA OA pain, as
shown in this study and reported from the others.”
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Figure 6. Reversal of mechanical pain behavior and weight-bear-
ing asymmetry by sciatic nerve application of TTA-P2. Scatter and
line plots show time courses for the group averages (n=15) of
sensitivity to von Frey (a) and Pin (b), as well as weight-bearing
asymmetry (c, n=4) following ipsilateral subepineural sciatic
nerve injection (SSNI) of TTA-P2 (100 g, 100 pl) or saline (100 pl),
determined at day 35 after MIA-OA induction. Right panels show
averaged area under the curve (AUC) calculated for each indi-
vidual for | h period (15 min interval) following injection for von
Frey, Pin, and weight-bearing tests, respectively. Behavior tests at
35 days before injection were used as the treatment baseline
values for AUC calculation. #p < 0.01 for comparison to treat-
ment BL and *p < 0.05, **p < 0.01, and **p < 0.00| for compar-
ison between groups after treatment, respectively (repeated
measures two-way ANOVA and post-hoc analysis with Bonferroni
test for von Frey and weight bearing, and nonparametric analyses
by Friedman’s test with Dunn’s post hoc for Pin. *p < 0.05 and
*#p < 0.001 for AUC comparison between groups (two-tailed
unpaired Student’s t tests).

Therefore, conceivably, the inflammatory responses and
sensory neuron damage may also play pathological roles
for upregulation of Cay3.2 in the context of MIA OA
model since the function and expression of Ca,3.2 are
modulated by a variety of inflammatory and nerve injury
mediators.?>>"%° For example, increased nerve growth
factor and tumor necrosis factor-o are common patho-
logical mediators in both neuropathic pain and OA pain,
and both are known determinants of regulating T-type
Ca’" channels.'2%°1% These processes may cause

peripheral and central sensitization and promote the per-
sistence of neuropathic-like pain in MIA OA model.”

The decrease in pain sensation after peripheral injec-
tion of TTA-P2 adds further evidence for involvement of
peripheral Cay3.2 activation in MIA OA pain. Previous
studies have shown that acute anti-nociception to
mechanical stimulation after SN perineural, intrathecal
(i.t), or intraperitoneal (i.p) application of TTA-P2 is an
effective approach in addressing enhanced Cay3.2
responses in animal models of both inflammatory and
neuropathic pain, with the additional advantage that
applied TTA-P2 exerts antinociceptive effects without
motor impairment.**>*>° T-type Cay3.2 channels are
abundantly expressed in PSN somata and transported
to peripheral and central axons where Cay3.2 contrib-
utes to pain perception, neuronal excitability, and spinal
synaptic plasticity. Since Cay3.2 is also expressed in SC
neurons, it is unclear whether peripheral or central block
of Cay3.2 is best for analgesic efficacy. Our success in
producing analgesia by sciatic injection of TTA-P2 sug-
gests that a peripheral site of Cay3.2 channel action is
involved in pain generation. Since our findings showed
that elevated expression and function of Cay3.2 channels
are found in PSNs at multiple lumbar segmental levels
after MIA injection into the knee, TTA-P2 directly into
the large nerve trunks of the SN could act on axonal
Cay3.2 channels directly at the site of injection, or may
spread to more central and peripheral sites of action by
bulk flow and diffusion longitudinally within the sciatic
and associated spinal nerves, or by axonal transport.
Indeed, the direct application of drug to the SN can
lead to changes in the properties of DRG neurons.*"!
It is likely that observed TTA-P2 analgesic effect is pre-
dominantly due to inhibition on T-type channels,
although we cannot rule out the possibility of some
effects on alternative molecular targets. Additionally,
SN at the midthigh are composed of axonal fibers
from sensory, motor, and sympathetic neurons that
may also express T-channels’>’?; thus, the analgesic
effect may be partially resulted from T-channel inhibi-
tion in those fibers that also play roles in generation of
pain behavior.”*”?

In conclusion, our findings demonstrate an elevated
Cay3.2 expression and enhanced function of PSN-T-
type Ca’>" channels that may involve joint- and non-
joint innervating afferents at the late stage of MIA OA
pain, and indicate that PSN-Cay3.2 is an important
DRG determinant of, and a potential therapeutic
target for, chronic knee joint pain. Data also suggest
that selective targeting of PSN-Cay3.2 in peripheral
nerves could be adapted for clinical use. Further studies
are needed to determine involvement of Cay3.2 channels
in other OA pain models.
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