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Abstract \
Complex regional pain syndrome (CRPS) is a severely disabling disease characterized by pain, temperature changes, motor
dysfunction, and edema that most often occurs as an atypical response to a minor surgery or fracture. Inflammation involving
activation and recruitment of innate immune cells, including both peripheral and central myeloid cells (ie, macrophages and
microglia, respectively), is a key feature of CRPS. However, the exact role and time course of these cellular processes relative to the
known acute and chronic phases of the disease are not fully understood. Positron emission tomography (PET) of translocator
protein-18 kDa (TSPO) is a method for noninvasively tracking these activated innate immune cells. Here, we reveal the temporal
dynamics of peripheral and central inflammatory responses over 20 weeks in a tibial fracture/casting mouse model of CRPS through
longitudinal TSPO-PET using ['®F]GE-180. Positron emission tomography tracer uptake quantification in the tibia revealed
increased peripheral inflammation as early as 2 days after fracture and lasting 7 weeks. Centralized inflammation was detected in the
spinal cord and brain of fractured mice at 7 and 21 days after injury. Spinal cord tissue immunofluorescent staining revealed TSPO
expression in microglia (CD11b+) at 7 days but was restricted mainly to endothelial cells (PECAM1 +) at baseline and 7 weeks. Our
data suggest early and persistent peripheral myeloid cell activation and transient central microglial activation are limited to the acute
phase of CRPS. Moreover, we show that TSPO-PET can be used to noninvasively monitor the spatiotemporal dynamics of myeloid
cell activation in CRPS progression with potential to inform disease phase—specific therapeutics.
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1. Introduction transition represent a major knowledge gap.®® Although there
are several theories explaining the progression from acute to
chronic pain,'® there has been a recent shift from a neuron-
centered hypothesis to one that includes neuroimmune
interactions both peripherally and centrally.??> For example,
peripheral macrophages may be key players in the initial
activation of primary afferent neurons*® and subsequent central
microglial release of sensitizing factors, such as interleukin-1
beta (IL-1B) and tumor necrosis factor-alpha (TNF-a), can alter
the central nervous system (CNS) synaptic milieu in a process
termed neuroinflammation. '%:4°

Complex regional pain syndrome (CRPS) is a debilitating
disease affecting 50,000 new patients in the United States every
year and occurring most often after a limb fracture or minor

Acute pain after injury or surgery is common and treatable;
however, an estimated 5% to 30% of patients transition from
acute to chronic pain and the mechanisms underlying this
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surgery.*? Complex regional pain syndrome consists of two
distinct phases: an acute/peripheral and a chronic/central
phase.®* The acute phase is generally characterized by a warm,
edematous limb with local immune cell infiltration and elevated
proinflammatory cytokines in the affected skin. By contrast, the
chronic phase demonstrates loss of limb warmth and peripheral
inflammation'® but includes persistent pain, cognitive defi-
cits,®31%¢ central glial cell activation,*?° and cytokine eleva-
tions.®2 This clinical progression is closely recapitulated in
a rodent tibial fracture/casting model of CRPS.® The transition
from the acute/peripheral phase to the chronic/central phase of
CRPS occurs around 12 months after the inciting event in
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humans' and around 5 weeks after injury in the mouse tibial
fracture/casting model.® In prior studies using this model,
peripherally restricted biologic agents against IL-13, nerve growth
factor, and TNF-a reduced nociceptive sensitization in the acute
but not chronic phase.*” Treatment in the chronic phase, by
contrast, may require centrally acting agents such as dlial cell
modulators. This underscores the need for a better cellular
understanding of the spatiotemporal interactions between
peripheral and central innate immune activation to most
effectively tailor therapy to the underlying disease process.
Moreover, mechanisms underlying the transition from acute to
chronic CRPS may extend to other forms of chronic pain.

One major difficulty with clinical use of immune modulators is that
the peripheral vs central innate immune cell activation status of
patients is unknown and likely changes over the course of disease.
Recent developments in clinical imaging may provide invaluable
techniques to guide and monitor innate immune—targeted inter-
ventions in real time. Positron emission tomography (PET) is one
such powerful imaging tool that allows for noninvasive tracking of
molecular processes in vivo and enables whole-body longitudinal
imaging of the same living subject with high sensitivity.?8*!
Translocator protein-18 kDa (TSPO)-PET imaging agents have been
widely investigated for studying innate immune activation. Impor-
tantly, TSPO radiotracers have previously been used in patients with
chronic pain®2°3° with a focus on the CNS. Here, we use a second-
generation TSPO-PET tracer, ['®FIGE-180,% to investigate whole-
body spatiotemporal dynamics of peripheral and central myeloid cell
activation in the mouse tibial fracture/casting model of CRPS.

2. Methods
2.1. Animals

Male, C57BL/6 wild-type mice (10-11 weeks) with average weight of
25 g were purchased from Jackson Laboratories (Jax #00664) and
acclimatized for 1 week before experiments. Mice were housed 2 to
5 per cage under a 12-hour light/dark schedule in a temperature-
controlled environment with ad libitum access to food and water.
Isoflurane 2.0% to 3.0% for induction and 1.5% to 2.5% for
maintenance was used for all experiments involving anesthesia,
except where noted. All experiments described here involving
animals were approved by the Stanford Administrative Panel on
Laboratory Animal Care, which is accredited by the Association for
the Assessment and Accreditation of Laboratory Animal Care
(AAALAC International) and by the Veterans Affairs Palo Alto Health
Care System Institutional Animal Care and Use Committee in
accordance with American Veterinary Medical Association guide-
lines and the International Association for the Study of Pain. The
procedures uphold all federal and state regulations governing the
humane care and use of laboratory animals. To comply with the
Stanford Administrative Panel on Laboratory Animal Care guidelines
on minimizing animal numbers, for each experimental paradigm we
used the minimum number of mice required to obtain significance
after conducting a power analysis based on the expected mean and
SD from existing data for a given assay.

2.2. Complex regional pain syndrome model generation

Mice were anesthetized with isoflurane and underwent a closed
right distal tibial fracture followed by casting, as previously
described.®" Briefly, the right hind limb was wrapped in gauze and
the distal tibia was fractured using a hemostat. The hind limb was
then wrapped in casting tape from the metatarsals of the hind
paw up to a spica formed around the abdomen to ensure that the
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cast did not slip off. The cast over the paw was applied only to the
plantar surface; a window was left open over the dorsum of the
paw and ankle to prevent constriction when postfracture edema
developed. At 21 days after fracture, mice were briefly
anesthetized, and casts were removed with cast shears. For
behavior, mice were tested at baseline before fracture, and then
beginning after cast removal at 21 days (acute phase), 7 weeks
(chronic phase), and 20 weeks (resolution phase) after fracture.

2.3. Study design

A CRPS mouse model was generated in n = 38 mice by right tibial
fracture followed by 21 days of casting. A group of n = 30
uninjured/naive mice were used as controls. Mice were separated
into behavior (n = 6 controland n = 6 CRPS), in vivo dynamic PET
imaging (n = 3 control and n = 3 CRPS), in vivo longitudinal PET
imaging (n = 8 control and n = 8 CRPS), ex vivo tissue gamma
counting/autoradiography (BioD/ARG) (n = 8 control, n = 6
CRPS 7 days, and n = 4 CRPS 7 weeks), and immunohisto-
chemistry cohorts (n = 5 control, n = 5 CRPS 7 days, and n = 6
CRPS 7 weeks). Behavior (mechanical allodynia and weight
bearing) and CRPS signs (temperature changes and edema)
were assessed in the behavioral cohort at baseline and after cast
removal at 21 days after fracture, 7 weeks and 20 weeks after
fracture. The time course of myeloid cell activation was
longitudinally evaluated in vivo by PET/computed tomography
(CT) using the TSPO radiotracer, ['®FIGE-180, for the PET
imaging cohort at 2, 7, 21 days, 7 weeks, and 20 weeks after
fracture. To confirm in vivo PET findings and localization of tracer
uptake, ex vivo gamma counting and autoradiography were
performed in the BioD/ARG group. Finally, immunofluorescence
was performed on spinal cord sections to visualize cellular
expression of TSPO in the immunohistochemistry cohort (Fig. 1).
Sample size forimaging and BioD/ARG groups was limited by the
number of successful tail vein cannulations for radiotracer
injection on each day. Mice were excluded from these studies if
their tail vein could not be cannulated on that given day, as no
radiotracer could be injected. They were, however, included in
subsequent timepoints if the vein was successfully catheterized.

2.4. Behavior

To ensure experimental rigor, female researchers (E.H. and V.L.T.)
performed all behavioral testing in a blinded fashion. All testing was
conducted between 7:00 av and 1:00 pv in an isolated,
temperature- and light-controlled room. Mice were acclimated for
30 to 60 minutes in the testing environment within custom clear
plastic cylinders (4" D) on a raised metal mesh platform (24" H). Mice
were randomized by simple selection from their home cage (4 mice
per cage) before testing and placed in a cylinder (n = 6 controland n
= 6 CRPS). After testing, mouse numbers were recorded on the
data sheet. All 12 mice were followed longitudinally for 20 weeks,
with 1 CRPS mouse mortality before the 20-week timepoint.

2.4.1. Mechanical nociception assays

To evaluate mechanical reflexive hypersensitivity, we used
a logarithmically increasing set of 8 von Frey filaments (Stoelting),
ranging in gram force from 0.007 to 6.0 g. These were applied
perpendicular to the plantar hind paw with sufficient force to
cause a slight bending of the filament. A positive response was
characterized as a rapid withdrawal of the paw away from the
stimulus filament within 4 seconds. Using the up-down statistical
method,'® the 50% withdrawal mechanical threshold scores
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Figure 1. Study design for longitudinal evaluation of behavior and myeloid lineage cell activation in a mouse model of CRPS. Mice underwent right tibial fracture/
casting and were followed over 20 weeks after injury for behavioral and imaging studies using TSPO-PET imaging. Immunofluorescent (IF) staining,
autoradiography (ARG), tissue gamma counting for biodistribution (BioD), and behavior were also evaluated throughout the study. CRPS, complex regional pain

syndrome; CT, computed tomography; PET, positron emission tomography.

were calculated for each mouse and averaged across the
experimental groups of longitudinally followed cohorts at
baseline, 21 days, 7 weeks, and 20 weeks.

2.4.2. Unweighting, temperature, and paw edema
measurements

An incapacitance device (IITC, Inc, Life Science, Woodland Hills,
CA) was used to measure hind paw unweighting in n = 6 control
and n = 6 CRPS mice at baseline and 21 days. The mice were
manually held in a vertical position over the apparatus with the
hind paws resting on separate metal scale plates, and the entire
weight of the mouse was supported on the hind paws. Six
consecutive 6-second measurements were taken at 60-second
intervals and averaged to calculate the overall hind paw weight-
bearing values using the following formula: 2 X (right paw weight
bearing)/(right paw weight bearing + left paw weight bearing).

The temperature of the hind paw was measured using a fine-
gauge thermocouple wire (Omega, Stamford, CT) inn = 6 control
and n = 6 CRPS at baseline and 21 days. Temperature testing
was performed over the hind paw dorsal skin between the first
and second metatarsals (medial), the second and third meta-
tarsals (central), and the fourth and fifth metatarsals (lateral). The
measurements for each hind paw were averaged for the mean
paw temperature and displayed as the difference in temperature
between right (injured) and left (uninjured) paws.

Hind paw edema was determined by measuring the hind paw
dorsal-ventral thickness over the midpoint of the third metatarsal
with a LIMAB laser measurement sensor (LIMAB, Goteborg,
Sweden) while the mouse was briefly anesthetized with isoflurane
inn = 6 control and n = 6 CRPS mice at baseline and 21 days.
Hind paw thickness data are expressed as the difference
between the right (injured) side and the left (uninjured) side.

2.5. Positron emission tomography tracer synthesis
and imaging

2.5.1. ["®F]GE-180 synthesis

["®FIGE-180 was synthesized as previously described.'® No
carrier-added aqueous ['®Ffluoride ion was produced on
a PETtrace cyclotron (GE Healthcare, Uppsala, Sweden) by
irradiation of a 1.6-mL water target using a 16-MeV proton beam
on 95% enriched ['80]H,0 by the [*®0(p,n);sF] nuclear reaction.
["8FIF in ["®0OJH,0 was transferred to a GE TRACERIab FXFN

synthesizer and trapped on an anion-exchange resin (30-PS-
HCOj, pretreated with 1-mL EtOH and 1-mL H,0). ['®F]F~ was
then eluted into the reactor using 0.9 mL of an eluent solution
containing 4-mg KHCO3; and 10-mg Kryptofix 2.2.2 (K2.2.2:
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosan)
in acetonitrile (0.75 mL) and water (150 mL). The solution was
azeotropically dried at 65°C under helium flow and vacuum,
followed by heating at 88°C under vacuum. Mesylate precursor
((S)-2-(4-(diethylcarbamoyl)-5-methoxy-1,2,3,4-tetrahydro-9H-
carbazol-9-yliethyl methanesulfonate, 1 mg in MeCN, 1 mL,
anhydrous) was added to the dry Kryptofix 2.2.2/K*['8F]F~
complex, and the reaction mixture reacted for 10 minutes at
90°C before being cooled to 40°C and diluted with 1 mg/mL
ascorbic acid in water (1.5 mL). The diluted product was purified
by semipreparative HPLC (column inner diameter 100 X 10 mm,
particle size 5 wm, 0.1 mg/mL ascorbic acid in H-O/MeCN (65:
35)) and monitored by gamma detection and UV at 254 nm at
aflow rate of 4 mL/minute. The radioactive peak corresponding to
["®FIGE180 (tg = 25 minutes) was collected and diluted with 1
mg/mL ascorbic acid in water (20 mL), after which it was trapped
on a C4g Sep-Pak Plus Light cartridge preconditioned with EtOH
(6 mL) and 1 mg/mL ascorbic acid in water (10 mL). The trapped,
purified ["®F]GE180 was eluted from Cg Sep-Pak Plus Light
cartridge using EtOH (0.8 mL) and saline (4.5 mL). The formulated
product was transferred under helium flow to a sterile, pyrogen-
free 30-mL vial. The radiochemical yield was 7 * 4% (n = 10,
decay uncorrected) at the end of synthesis. Chemical and
radiochemical purity were determined by reverse-phase analyt-
ical HPLC (Phenomenex Luna column, 150 X 4.6 mm, particle
size 3 pm, and pore size 100 A) using an 11-minute 50% to 95%
gradient (0.1 mg/mL ascorbic acid in H,O:MeCN, monitored by
gamma detection and UV at 254 and 280 nm).

2.5.2. Pilot dynamic positron emission tomography/
computed tomography imaging

Dynamic PET images were acquired over 60 minutes using a dual
microPET/CT scanner (Inveon, Siemens, Mountain View, CA) at 7
days after fracture (n = 3 control and n = 3 CRPS) under
isoflurane anesthesia after intravenous tail vein injections of 160 to
220 p.Ci of ["®F]GE-180, as previously described.'* Time activity
curves (TACs) were plotted for the duration of each 60-minute
scan to determine the timepoint for subsequent static scans
based on an optimal signal-to-background ratio.



September 2019 ¢ Volume 160 © Number 9

2.5.3. Longitudinal static positron emission tomography/
computed tomography imaging

Eight mice per group were anesthetized using isoflurane, and talil
vein catheters were inserted for radiotracer injection. Mice that
were successfully catheterized and injected were scanned; mice
that could not be catheterized were excluded. The total number
of mice scanned per timepoint was as follows: 2 days (n = 8
controland n = 5 CRPS), 7 days (n = 8 controland n = 8 CRPS),
21 days (n = 5 control and n = 5 CRPS), 7 weeks (n = 6 control
and n = 5 CRPS), and 20 weeks (n = 3 control and n = 4 CRPS)
after injury. Mice were injected with 160 to 220 .Ci of ['®F]GE-180
intravenously, and 10-minute static PET images were acquired
50 to 60 minutes after injection of ['®F]GE-180. A CT image was
acquired just before each PET scan to provide an anatomical
reference frame for the respective PET data. Raw CT images
were acquired at 80 kVp at 500 pA, 2-bed position, half-scan
220" of rotation, and 120 projections per bed position with a cone
beam micro-X-ray source (50-um focal spot size) and a 2048 X
3072-pixel X-ray detector. On the basis of attenuation correction
from the CT measurements, each 10-minute static PET scan was
acquired with default settings of coincidence, a timing window of
3.4 ns, and an energy window of 350 to 650 keV. Positron
emission tomography images were reconstructed by performing
2 iterations of a 3-dimensional ordered subsets expectation
maximization algorithm (12 subsets) and then 18 iterations of the
accelerated version of 3-dimensional maximum a posteriori, with
a matrix size of 128 X 128 X 159.

2.5.4. Positron emission tomography analysis and
quantification

Computed tomography and PET images were coregistered, and
quantification of radiotracer uptake in spinal cord, tibia, and
specific brain regions was performed using VivoQuant software
(Version 3.0, inviCRO). Cortex, hippocampus, medulla, midbrain,
pons, striatum, thalamus, and whole brain regions were chosen
apriorito ensure nonbiased results based on human studies® and
limited by size of amouse brain. A 3D mouse brain atlas was fitted
to the skull CT of each mouse to quantify regional uptake values of
each region. Spinal cord regions of interest (ROIls) were drawn
after removal of spinal vertebrae signal through Otsu thresh-
olding. A 3D ROI was created for full spinal cord quantification
before segmenting cervical/thoracic and lumbar spinal cords at
T12 and L5 vertebrae to evaluate spatial differences in TSPO
activation in the spinal cord. Otsu thresholding was additionally
used to quantify tracer uptake in the ipsilateral (right) and
contralateral (left) tibia. The ROI radioactivity measurement (nCi/
cc) was divided by the decay-corrected dose for each mouse at
the time of imaging, and then multiplied by 100 to obtain percent
injected dose per gram (%ID/g) values. Peripheral analysis was
plotted as a ratio of ipsilateral to contralateral %ID/g for each
mouse. For evaluation of CNS tissues, the fold difference in tracer
uptake was calculated by creating a ratio of the %ID/g from each
mouse to the average %ID/g of all controls imaged the same day.
Fold differences in fracture vs control spinal cord and brain tissue
at each timepoint were calculated and plotted.

2.6. Ex vivo tissue gamma counting and autoradiography

2.6.1. Ex vivo tissue gamma counting for biodistribution
analysis

Mice were deeply anesthetized with 2.0% to 3.0% isoflurane and
perfused with phosphate-buffered saline (PBS) after a blood
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sample was taken through cardiac puncture for biodistribution
analysis (n = 8 control, n = 6 CRPS 7 days, and n = 4 CRPS 7
weeks). Radioactivity within each dissected tissue (spinal cord,
brain, blood, and spleen) was quantified using a gamma counter
(Cobra Il Auto-Gamma counter; Packard Biosciences Co, Well-
esley, MA). Tissue-associated radioactivity was normalized to
tissue weight and the decay-corrected radioactive dose at injection
time, yielding the %ID/g for each tissue. Fold differences in tracer
uptake in the spinal cord, brain, blood, and spleen were calculated
by creating a ratio of the %ID/g from each tissue to the average %
ID/g of the corresponding control tissues counted the same day.

2.6.2. Ex vivo autoradiography

Spinal cords and brain tissues from mice used for biodistribution
were further analyzed through digital autoradiography. After
perfusion and gamma counting, brain tissue was frozen in
optimum cutting temperature compound (Sakura Finetek, Inc,
Torrance, CA), and 20-pm-thick sections were cut
using a cryostat microtome HM500 (Microm, Walldorf, Germany)
at —20°C. Whole spinal cords and slides with brain slices were
laid in a cassette and exposed to a '®F-sensitive storage
phosphor film imaging plate (Fuijiflm; GE Healthcare) for 20 hours
at —20°C. Plates were scanned using a typhoon phosphorimager
(Amersham Biosciences, Piscataway, NJ) and analyzed using
Imaged (image processing software, version 2.0.0). Brain section
anatomy was confirmed by staining the exact same sections with
Nissl (cresyl violet acetate; Sigma Aldrich, St. Louis, MO), as
previously described.?®

2.7. Immunohistochemistry

Mice (12-14 weeks) were anesthetized and transcardially
perfused with PBS followed by 10% formalin in PBS. Spinal cord
segments (L3-L5) were dissected and cryoprotected in 30%
sucrose in PBS (n = 5 control, n = 5 CRPS 7 days, and n = 6
CRPS 7 weeks). Tissues were frozen in optimum cutting
temperature, sectioned coronally (40 wm) on a cryostat (Leica
Biosystems, Wetzlar, Germany), and incubated in blocking buffer
(5% donkey serum and 0.3% Triton X-100 in PBS) for 1 hour at
room temperature. Sections were incubated overnight at 4°C with
primary antibodies rat anti-CD11b (Abd Serotec, Hercules, CA,
#MCA711G, 1:500), rabbit anti-TSPO (Abcam, ab109497, 1:
500; Abcam, Cambridge, United Kingdom), mouse anti-GFAP
(Sigma #G3893, 1:1000), and/or rat anti-CD31/PECAM1 (BD
Pharmingen, Franklin Lakes, NJ, #550274, 1:1000). After
washing (1% donkey serum and 0.3% Triton X-100 in PBS),
sections were incubated with appropriate Alexa Fluor—
conjugated secondary antibodies for 2 hours at room tempera-
ture. Images were acquired using a Keyence BZ-X800 through
the sectioning module to remove nonfocused light. We acquired
3 to 5 dorsal horn images per mouse with n = 5 to 6 mice/group,
as outlined above, to evaluate the relative cellular expression of
TSPO, CD11b, GFAP, and PECAM1 in the spinal cord dorsal
horn. Each image was taken using identical settings including
exposure, with 0.4-pum-step z-stacks of 19 slices at X20 or X63
objective magnification.

2.8. Quantitative histological analysis

Images were analyzed using Adobe Photoshop CS6 by manual
counting of individual CD11b+ cells and then colocalized with
TSPO expression. Specifically, CD11b+ cells in which TSPO
staining followed microglial cell body and at least one process
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were considered double positive. Given the extensive and
confluent staining pattern of TSPO on endothelial PECAM1 +
cells, it was not possible to count all TSPO+ cells in a given
image. All counts are therefore expressed as % CD11b+ cells.
No cells were found to be TSPO+ GFAP+, consistent with other
publications.”:%?

2.9. Statistical analysis

Statistical analysis was performed using IBM SPSS for mixed
model analysis of TACs. Type lll tests of fixed effects were used to
determine differences in tracer kinetics of TACs from pilot
dynamic PET imaging. Statistical analysis of all other data was
performed using GraphPad Prism (version 7). Data are repre-
sented as mean + SEM in addition to individual values plotted for
all bar graphs for full data transparency. For imaging and
behavioral data, two-way analysis of variance with the Sidak
multiple comparisons post hoc test, one-way analysis of variance
with the Tukey multiple comparisons post hoc test, or unpaired t
tests were used when appropriate to compare data in CRPS vs
control mice, as indicated in supplemental Table 1 (available at
http://links.lww.com/PAIN/A794) and individual figure legends. P
values < 0.05 in each set of data comparisons were considered
statistically significant.

3. Results

3.1. Tibial fracture/casting recapitulates the signs of complex
regional pain syndrome

Mice that underwent right hind limb tibial fracture followed by 21
days of casting developed the cardinal signs of CRPS including
mechanical allodynia, increased paw edema and temperature,
and decreased weight bearing on the injured paw (Fig. 2). Injured
mice exhibited a decrease in the mechanical threshold on the
ipsilateral paw compared with controls at 21 days (control 1.90 =
0.16 g vs CRPS 0.22 * 0.06 g; F7,39) = 15.83; ™**P < 0.0001)
and 7 weeks (control 1.79 = 0.09 g vs CRPS 0.34 *+ 0.04 g; F(7,39)
= 15.83; ***P < 0.0001) that resolved by 20 weeks after fracture
(Fig. 2A). At the time of cast removal, ipsilateral paws were
0.5 mm thicker than contralateral paws while control mice had no
difference in paw thickness (Fig. 2B, control 0.002 = 0.02 mm vs
CRPS 0.53 = 0.08 mm; df = 10; ***P < 0.0001). The
temperature difference between the ipsilateral and contralateral
paws was significantly greater for injured mice compared with
control mice (Fig. 2C, control 0.05 *+ 0.08°C vs CRPS 1.12 +
0.08°C; df = 10; ***P < 0.0001). The percent weight bearing on
the ipsilateral paw was significantly decreased for fractured mice
compared with controls at 21 days (Fig. 2D, control 99.7 = 1.0%
vs CRPS 54.5 = 1.8%; df = 10; ***P < 0.0001).

3.2. Dynamic positron emission tomography time activity
curves show differences in tracer uptake after injury

Time activity curves from dynamic scans of control and fractured
mice at 7 days after fracture revealed markedly increased uptake
of ["®F]GE-180 in the spinal cord and brain of fractured mice
compared with control littermates but with no significant differ-
ences in trajectory of tracer kinetics between the groups
(supplemental Figure 1, available at http://links.lww.com/PAIN/
A794). The 50- to 60-minute timepoint following tracer admin-
istration was chosen for subsequent static scans to ensure tracer
uptake values were not influenced by nonspecific binding or
blood pooal.

PAIN®

3.3. Peripheral inflammation from myeloid cell activation can
be tracked longitudinally and persists after injury

Whole-body PET/CT images enabled investigation of the
peripheral TSPO-PET signal, specifically in the fractured tibia.
Positron emission tomography image quantification revealed
marked peripheral inflammation in the ipsilateral tibia of mice at
multiple timepoints after fracture. The ratio of tracer uptake in the
ipsilateral over contralateral tibia in fractured mice was signifi-
cantly elevated compared with control mice at 2 days (control
0.91 = 0.05 vs CRPS 1.21 + 0.07; df = 10; *P < 0.05), 7 days
(control 1.00 = 0.06 vs CRPS 1.57 = 0.13; df = 14; **P < 0.01),
21 days (control 0.99 *+ 0.04 vs CRPS 1.54 = 0.04; df = 8; P
< 0.0001), and 7 weeks (control 0.96 = 0.07 vs CRPS 1.51 =
0.09; df = 9; P < 0.01). No significant differences in tracer
uptake were observed at 20 weeks (control 0.89 = 0.05 vs CRPS
1.31 = 0.15; df = 5; P = 0.07) (Fig. 3).

3.4. Spinal cord and brain glial cell activation occurs early
and persists for weeks after injury

Whole-body PET/CT images acquired at 2 days, 7 days, 21 days,
7 weeks, and 20 weeks after fracture enabled tracer quantifica-
tion in the spinal cord (Fig. 4) and brain regions (Fig. 5). The
cervical/thoracic spinal cord exhibited a 1.25- and 1.26-fold
increase in tracer uptake in fractured mice compared with control
mice at 7 and 21 days, respectively (Figs. 4C and D, 7 days
control 1.0 = 0.03 vs CRPS 1.25 + 0.08; F(1,0g = 18.29; P <
0.05; 21 days control 1.0 = 0.03 vs CRPS 1.26 * 0.08; F1 16 =
21.65; *P < 0.05). Lumbar spinal cord tracer uptake was 1.27-
and 1.28-fold higher in fractured mice than in control mice at 7
and 21 days, respectively (Figs. 4C and D, 7 days control 1.0 =
0.03 vs CRPS 1.27 = 0.08; F(1 25 = 18.29; *P < 0.05; 21 days
control 1.0 = 0.04 vs CRPS 1.28 = 0.06; F(1,1¢ = 21.65; *P <
0.01). At 7 days after fracture, significant fold increases in tracer
uptake of fractured vs control mice were observed in the cortex
(control 1.0 = 0.03 vs CRPS 1.26 * 0.06; F1 115 = 83.45; "P <
0.05), hippocampus (control 1.0 = 0.04 vs CRPS 1.24 =+ 0.08;
F1,112) = 83.45; *P < 0.05), midbrain (control 1.0 + 0.03 vs CRPS
1.28 = 0.08; F1,112 = 83.45; *P < 0.05), pons (control 1.0 *
0.02 vs CRPS 1.28 = 0.07; F1,112 = 83.45; P < 0.01),
striatum (control 1.0 = 0.03 vs CRPS 1.29 = 0.07; F1 112 =
83.45; **P < 0.01), thalamus (control 1.0 = 0.04 vs CRPS 1.28 +
0.09; F1,112) = 83.45; P < 0.01), and whole brain (control 1.0 +
0.02 vs CRPS 1.26 = 0.07; F(1,112) = 83.45; *P < 0.05) regions
(Fig. 5C), but no differences were observed in the medulla. Tracer
uptake in the pons of fractured mice remained significantly
elevated (control 1.0 = 0.03 vs CRPS 1.21 * 0.09; F(1 64y =
20.04; **P < 0.05, *P < 0.05) at 21 days after fracture (Fig. 5D).
No significant differences were observed in the cervical/thoracic
spinal cord, lumbar spinal cord, or brain at 2 days, 7 weeks, or 20
weeks after fracture.

3.5. Ex vivo autoradiography and tissue gamma counting
confirm tracer biodistribution

Data from ex vivo autoradiography and gamma counting of
tissues correspond with PET quantification. Ex vivo autoradiog-
raphy illustrates a marked increase in tracer uptake in the spinal
cord (supplemental Figure 2A available at http://links.lww.com/
PAIN/A794) and brain (supplemental Figure 2B available at http://
links.lww.com/PAIN/A794) after fracture at 7 days compared with
control, but not at 7 weeks. Ex vivo tissue gamma counting of
spinal cords revealed a significant increase of 1.31-fold from
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Figure 2. Tibial fracture/casting recapitulates the cardinal signs of CRPS. At the time of cast removal, injured mice exhibit a decreased threshold to mechanical
stimulation (A), which is significantly different from uninjured controls at 21 days and 7 weeks after injury (***P < 0.0001) and recovered to baseline at 20 weeks.
Data are presented as mean = SEM (n = 6 control and n = 6 CRPS followed longitudinally). (B) After cast removal, mice demonstrate increased ipsilateral paw
thickness (****P < 0.0001) and (C) increased ipsilateral limb temperature (***P < 0.0001), relative to uninjured control mice. (D) Mice further display decreased
weight bearing on their affected limb compared with uninjured control (***P < 0.0001). Individual data points are shown in addition to mean + SEM (n = 6 control
and n = 6 CRPS at 21 days after injury). One-way ANOVA with the Tukey multiple comparisons post hoc test (A) and unpaired t tests (B-D) were used. ANOVA,

analysis of variance; CRPS, complex regional pain syndrome.

fractured mice 7 days after fracture compared with control mice
(control 1.0 = 0.08 vs CRPS 7-day 1.31 £ 0.06; Fy 4y = 7.085*P
< 0.05). Fold changes in spinal cord tracer uptake of fractured
mice at 7 days vs 7 weeks were also found to be significantly
different (CRPS 7-day 1.31 + 0.06 vs CRPS 7-week 0.88 = 0.04;
Fa64 = 7.085 P < 0.01, supplemental Figure 2C available at
http://links.lww.com/PAIN/A794). At 7 days and 7 weeks after
fracture, ex vivo gamma counting of the brain, blood, and spleen
showed no significant fold differences compared with each other
or with control mice (supplemental Figures 2D and F available at
http://links.lww.com/PAIN/A794).

3.6. Inmunohistochemistry reveals translocator protein-18

kDa expression by central nervous system microglia

after injury

Double immunofluorescence staining of lumbar spinal cord
sections was performed at baseline, 7 days, and 7 weeks after
injury using TSPO in conjunction with microglial (CD11b),
astrocytic (GFAP), and endothelial (CD31/PECAM1) markers. At
baseline, TSPO staining had a characteristic vascular pattern and
was predominantly expressed by PECAM1 + vascular endothelial

cells (supplemental Figure 3 available at http://links.lww.com/
PAIN/A794). Approximately 13% of CD11b+ cells expressed low
levels of TSPO (Fig. 6; and supplemental Figure 4 available at
http://links.lww.com/PAIN/A794), and no appreciable colocali-
zation of TSPO was found with GFAP+ astrocytes (Fig. 7). At 7
days after fracture, TSPO expression was seen in PECAM1+
vascular endothelial cells, albeit to a lesser extent than at
baseline, with overall less prominent vasculature noted through-
out the spinal cord (supplemental Figure 3 available at http://links.
ww.com/PAIN/A794). At 7 days after fracture, microglial
activation was noted by a change in cells to an amoeboid
morphology with shorter processes and increased CD11b
expression (Fig. 6). At this timepoint, TSPO dramatically shifted
to colocalize with CD11b+-activated microglia, and quantitative
analysis of colocalization revealed that 57% of CD11b+ cells also
expressed high levels of TSPO (control 15 * 0.93% vs CRPS 7-
day 57 * 2.9%; Fp 15 = 89.82; ***P < 0.0001, Fig. 6 and
supplemental Figure 4 available at http://links.lww.com/PAIN/
A794). By contrast, although astrocyte expression of GFAP was
increased at 7 days and morphology suggested an activated
phenotype, there was no appreciable colocalization of TSPO with
GFAP+ cells (Fig. 7). At 7 weeks after fracture, the major cell type
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Figure 3. Peripheral myeloid cell activation starts in the acute phase and persists into the chronic phase after fracture. (A) 3D PET/CT images of lower limbs show
a significantly increased ratio of tracer uptake in the ipsilateral (right) vs contralateral (left) tibia for mice (B) 2 days (*P < 0.05), (C) 7 days (**P < 0.01), (D) 21 days
(***P < 0.0001), and (E) 7 weeks (**P < 0.01) after injury compared with control mice at each timepoint, with no significant difference observed at (F) 20 weeks after
fracture (P = 0.0711). Individual data points are shown in addition to mean + SEM (n = 8 mice per group were followed longitudinally; however, only successfully
tracer-injected mice on a given day were scanned: 2 days: n = 5 control, n = 8 CRPS; 7 days: n = 8 control, n = 8 CRPS; 21 days: n = 5 control, n = 5 CRPS; 7
weeks: n = 5 control, n = 6 CRPS; and 20 weeks: n = 3 control, n = 4 CRPS). Unpaired t tests were used at each timepoint. CRPS, complex regional pain
syndrome; CT, computed tomography; PET, positron emission tomography.
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Figure 4. Longitudinal imaging of myeloid cell activation using TSPO-PET demonstrates elevated spinal cord signal during the acute but not chronic phase. (A) 2D
sagittal PET/CT images of longitudinal ['8F]GE-180-PET shows elevated spinal cord glial activation in mice after injury; white box highlights the lumbar spinal cord.
(B-F) Positron emission tomography quantification of tracer uptake in the cervical/thoracic spinal cord (C/T SC) and lumbar spinal cord (LSC) at (B) 2 days, (C) 7
days, (D) 21 days, (E) 7 weeks, and (F) 20 weeks after fracture. Data are shown as fold change in tracer uptake over the average control signal on the respective day.
Two-way ANOVA with the Sidak multiple comparisons post hoc test reveals fold increases in tracer uptake in the cervical/thoracic (*P < 0.05) and lumbar (**P <
0.01) SC at 7 and 21 days after injury. Individual data points are shown in addition to mean + SEM (n = 8 mice per group were followed longitudinally; however, only
mice that were successfully injected with tracer after tail vein cannulation were scanned: 2 days: n = 5 control, n = 8 CRPS; 7 days: n = 8 control, n = 8 CRPS; 21
days: n = 5 control, n = 5 CRPS; 7 weeks: n = 5 control, n = 6 CRPS; and 20 weeks: n = 3 control, n = 4 CRPS). ANOVA, analysis of variance; CRPS, complex
regional pain syndrome; CT, computed tomography; PET, positron emission tomography.

expressing TSPO was again PECAM1+ vascular endothelial
cells. Microglial and astrocytic activation had resolved, with
a return to baseline levels of CD11b and GFAP, respectively.
Translocator protein-18 kDa expression by CD11b+ cells at 7
weeks remained elevated above control (control 15 = 0.93% vs
CRPS 7-week 26 * 2.4%; Fp,13 = 89.82, **P < 0.01) but was
significantly lower than at 7 days (CRPS 7-day 57 = 2.9% vs
CRPS 7-week 26 = 2.4%; F13 = 89.82, P < 0.0001,
supplemental Figure 4, available at http://links.lww.com/PAIN/
A794).

4. Discussion

Our findings highlight the ability of TSPO-PET to longitudinally
track peripheral and central myeloid cell activation in the transition
from acute to chronic pain. Specifically, we identified unique
spatiotemporal dynamics of the innate immune response to injury
with early and persistent involvement of peripheral myeloid cells at
the site of injury from 2 days through 7 weeks, and early and
transient activation of CNS microglia distant from the injury site at
7 and 21 days. Taken together, these data suggest clear

differences in the time course of peripheral and central myeloid
cell involvement in CRPS disease progression.

4.1. Longitudinal imaging with translocator protein-18
kDa-positron emission tomography is a sensitive technique
that can track innate immune activation

Understanding the contribution of myeloid cells to the transition
from acute to chronic CRPS is crucial to developing mechanism-
based treatments. This study provides preclinical validation of
TSPO-PET for tracking these cells peripherally and centrally in the
same mice over time. Positron emission tomography is a sensitive
imaging technique that is routinely used in both preclinical and
clinical research settings to investigate the molecular under-
pinnings of disease. Translocator protein-18 kDa is a highly
hydrophobic protein normally expressed on the outer mitochon-
drial membrane that holds several functions, including cholesterol
transport and steroid hormone synthesis.® Although TSPO is
highly expressed in peripheral organs (ie, kidney, liver, and lung),
basal expression in the CNS is primarily restricted to endothelial
cells, and it is minimally expressed on resting peripheral and
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Figure 5. Widespread brain glial cell activation is apparent in the acute phase after injury. (A) Representative PET/CT coronal brain images reflect PET
quantification. Positron emission tomography quantification of select brain regions (cortex, hippocampus, medulla, midbrain, pons, striatum, thalamus, and whole
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= 8 CRPS; 21 days: n = 5 control, n = 5 CRPS; 7 weeks: n = 5 control, n = 6 CRPS; and 20 weeks: n = 3 control, n = 4 CRPS). ANOVA, analysis of variance;
CRPS, complex regional pain syndrome; CT, computed tomography; PET, positron emission tomography.

central myeloid lineage cells.®”*3 On injury, TSPO expression is
significantly upregulated on activated myeloid cells, indicating the
presence of inflammation and making it a useful biomarker of
innate immune activation in several diseases.®*®

The previous gold standard and first-generation TSPO-PET
tracer [ 'C]JPK11195 has been used to quantify neuroinflammation

in the context of numerous diseases, including pain.?%3°

Consistent with our results, one study using [''CJPK11195
revealed significant increases in tracer uptake in a number of brain
regions known to be associated with the pain matrix (ie, caudate
nucleus, putamen, nucleus accumbens, and thalamus) in patients
with CRPS compared with controls.?® Peripheral inflammation,
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however, was not investigated in this study and has not been
evaluated in any clinical TSPO-PET study of chronic pain.
Moreover, because several second-generation TSPO-PET tracers
(eg, ['®FIGE-180, [''C]JPBR28, and [''C]DPA713) have been
shown to be more specific and sensitive than [ 'CJPK11195,1048
studies using second-generation tracers might reveal more subtle
alterations in inflammation that can occur over time and/or after
therapeutic interventions. Here, we report for the first time the
application of a second-generation TSPO-PET tracer to longitudi-
nally track peripheral and central innate immune activation in
a mouse model of CRPS.

4.2. Longitudinal translocator protein-18 kDa-positron
emission tomography imaging reveals early and persistent
peripheral and central innate immune activation in the
complex regional pain syndrome model

4.2.1. Peripheral inflammation

In this study, we detected peripheral macrophages at the site of
injury using TSPO-PET as early as 2 days and lasting through 7
weeks after fracture. Such peripheral innate immune cells play
a crucial role in the initiation of pain symptoms after injury. Local
neutrophil activation peaks within 24 hours after injury and is
implicated in the recruitment of local and circulating macro-
phages that likely express high levels of TSPO. The ensuing
cascade of proinflammmatory cytokines, such as IL-1, IL-6, and
TNF-o,%” stimulates sensory neurons and encourages further
macrophage invasion. Previous studies have noted that periph-
eral macrophage activation is maintained in clusters around
dorsal root ganglia to phagocytose debris from 7 days to several
months after injury.®” This detection of sustained myeloid cell
activation in our study is consistent with the previous work®’ that
suggests continuous activation and cytokine release may be
important in the perpetuation of pain symptoms and transition to
chronic pain. Importantly, because peripherally restricted biologic
agents lack efficacy in the chronic phase of CRPS, the functional
contribution of this persistent peripheral myeloid cell activation
warrants further exploration.

4.2.2. Central nervous system inflammation and cellular
specificity of translocator protein-18 kDa

Previous studies have shown involvement of microglia and
astrocytes in the acute (0-4 weeks) vs chronic (5-20 weeks)
phases of CRPS, respectively.83247 In this study, we established
a time course of central myeloid cell activation after peripheral
injury. We were able to detect elevated TSPO expression,
indicative of microglial activation, in the spinal cord and brain
through the use of longitudinal in vivo PET imaging at 7 and 21
days after fracture. This increased TSPO-PET signal returned to
baseline by 7 weeks after injury and was confirmed by ex vivo
CNS autoradiography and spinal cord gamma counting. One
discrepancy in our study was that we observed a significantly
higher signal in mice 7 days after fracture in PET whole brain
analysis, but not in the ex vivo gamma counting of whole brain
tissue. This is likely due to the partial volume effect, a known
limitation of small animal PET,""*? in which spillover from blood
pool or neighboring regions can impact the in vivo brain PET
signal. Such a limitation would not be expected to influence
imaging in humans, given the relative difference in size of brain
structures.

Innate immune cell activation in the CNS appears to be
organized independently from the peripheral response but with

PAIN®

similar mechanisms. A host of mediators released from injured
neurons have been proposed to initiate microglial activation
including damage-associated molecular patterns such as high
mobility group box 1 (HMGB1) acting through toll-like receptor 4
(TLR4),%® colony stimulating factor 1 (CSF1) through microglial
colony stimulating factor 1 receptor (CSF1R),?® and adenosine
triphosphate through microglial purinergic receptor 2 (P2XR).%”
Mirroring peripheral macrophage infiltration around dorsal root
ganglia in the periphery, microglia appear to cluster around
central terminals of injured primary afferent and motor neurons in
the spinal cord dorsal and ventral horns, respectively.** These
clusters of activated microglia locally release cytokines that can
trigger subsequent astrocyte-mediated alterations in neuronal
signaling.2%34° In the CRPS model, our data illustrate that
microglial activation, defined by TSPO expression, is restricted to
the acute phase of the disease—temporally positioning microglia
as triggers for the subsequent chronic phase transition. Our time
course findings are consistent with the previous work that
identified microglial involvement in the initiation, but not the
maintenance, of several pain conditions.**°8

Interestingly, our double-label immunostaining revealed that
before injury, basal spinal cord expression of TSPO is almost
entirely attributable to PECAM1+ vascular endothelial cells,
consistent with a recent study investigating cellular expression of
TSPO throughout the normal mouse brain.” We further observed
that after injury, the spinal cord vasculature was less prominent
with overall decreased PECAM1 expression and smaller caliber of
vessels. Such CRPS-induced CNS vasoconstriction has yet to be
described but is consistent with the sympathetic hyperactivity
theory of the disease.'? Furthermore, after injury, we saw
upregulation of TSPO exclusively in CD11b+ microglia and not
GFAP+ astrocytes. As comprehensively reviewed by Guilarte, >
TSPO may be expressed by either microglia''*%* or astro-
cytes®®° depending on the timing, location, and nature of the
injury studied. This implies that there is something distinct about
the astrocytic activation caused by a peripheral injury such as
fracture, which induces GFAP+ TSPO— astrocytes, compared
with the phenotype caused by neurodegenerative models, which
induces GFAP+ TSPO+ astrocytes.?* Taken together, these
observations highlight the complexity of glial heterogeneity that is
just starting to become clear through the use of next-generation
sequencing techniques.?’%”

4.3. llluminating spatiotemporal dynamics of peripheral vs
central innate immune activation: translational potential

Here, we illustrate the dynamic capability of whole-body TSPO-
PET, a highly translatable technique, to enable visualization and
quantification of peripheral and central myeloid lineage activation
through disease progression. Previous studies have investigated
the potential use of drugs, such as low-dose ketamine®® and low-
dose naltrexone,'” that may attenuate glial cell activation to treat
CRPS. However, the efficacy of these treatments may be
improved if treatments could be targeted and personalized
based on the disease stage. Human trials using other PET ligands
that may “illuminate pain” are underway at our institution
(ClinicalTrials.gov NCT02753101). Such studies not only have
the potential to focus treatment efforts on the disease stage but
may also highlight pain generators that were previously un-
recognized.'®® Taken together, our results demonstrate that
TSPO-PET provides critical information on the spatiotemporal
dynamics of the innate immune system response to injury and
can be exploited for therapeutic decision-making.
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