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Abstract

Beta 2 adrenergic receptor (2 AR) activation in the central and peripheral nervous system has been implicated in noci-
ceptive processing in acute and chronic pain settings with anti-inflammatory and anti-allodynic effects of 2-AR mimetics
reported in several pain states. In the current study, we examined the therapeutic efficacy of the f2-AR agonist clenbuterol
in a rat model of persistent postsurgical hypersensitivity induced by disruption of descending noradrenergic signaling in rats
with plantar incision. We used growth curve modeling of ipsilateral mechanical paw withdrawal thresholds following incision
to examine effects of treatment on postoperative trajectories. Depletion of spinal noradrenergic neurons delayed recovery
of hypersensitivity following incision evident as a flattened slope compared to non-depleted rats (-1.8 g/day with 95% Cl -2.4
to -1.085, p < 0.0001). Chronic administration of clenbuterol reduced mechanical hypersensitivity evident as a greater initial
intercept in noradrenergic depleted (6.2 g with 95% CI 1.6 to 10.8, p=0.013) and non-depleted rats (5.4 g with 95% CI 1.2
to 9.6, p=0.018) with plantar incision compared to vehicle treated rats. Despite a persistent reduction in mechanical
hypersensitivity, clenbuterol did not alter the slope of recovery when modeled over several days (p = 0.053) or five weeks in
depleted rats (p = 0.64). Systemic clenbuterol suppressed the enhanced microglial activation in depleted rats and reduced
the density of macrophage at the site of incision. Direct spinal infusion of clenbuterol failed to reduce mechanical hyper-
sensitivity in depleted rats with incision suggesting that beneficial effects of 2-AR stimulation in this model are largely
peripherally mediated. Lastly, we examined f2-AR distribution in the spinal cord and skin using in-situ hybridization and IHC.
These data add to our understanding of the role of $2-ARs in the nervous system on hypersensitivity after surgical incision
and extend previously observed anti-inflammatory actions of f2-AR agonists to models of surgical injury.
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and an amplified neuroimmune or inflammatory
responses in the spinal cord® and periphery®® are key
mechanisms driving the transition from an acute to a
chronic postsurgical pain state.” Therefore, new pharma-
cological approaches that augment endogenous analge-
sia or modulate the innate immune response to surgical
tissue injury might be beneficial for promoting postsur-
gical pain resolution or preventing pain chronicity.

Beta 2-adrenoreceptor agonists are bronchodilators
routinely administered to provide symptom relief for
several respiratory conditions. These agents also have
anti-inflammatory effects on activated macrophage and
microglia mediated largely but not exclusively via canon-
ical Gs protein coupled signaling mechanisms
involving activation of cyclic AMP and protein kinase
A'" . Previous studies indicate that B2-AR activation in
lipopolysaccharide (LPS)-stimulated macrophage sup-
presses the production of pro-inflammatory mediators
(TNFo, IL-6 and IL1B)'"'* and potentiates the rapid
release of the anti-inflammatory cytokine IL-10'31%16
essentially shifting macrophage polarization from pro-
inflammatory M1 to an anti-inflammatory M2 pheno-
type.'® '8 Similar results have been observed in primary
spinal microglia, whereby norepinephrine suppresses p38
mitogen activated protein kinase (MAPK) signaling and
expression of TNF-ao induced by ATP in a B-AR depen-
dent manner.'” Pharmacological agents that stimulate
B2-ARs possess anti-inflammatory and anti-nociceptive
effects in several pain conditions in vivo. The adminis-
tration of P2-AR agonists terbutaline and salbutamol
decrease edema and cartilage degeneration when admin-
istered after induction of arthritis in rodents.?*??
Likewise, systemic administration of salbutamol in rats
reduces hind paw swelling and mechanical hyperalgesia
following intra-plantar carrageenan injection.'*** Anti-
allodynic effects of B2-AR mimetics have also been
reported in rodent models of nerve injury. Chronic
administration of P2-AR agonists or antidepressants
that stimulate f2-ARs suppress mechanical hypersensi-
tivity in nerve injured mice in part by inhibiting periph-
eral release of TNF-o from DRG satellite cells.”> %’
Spinal effects of B2-AR agonists have been reported as
direct acute spinal administration of terbutaline in mice
with spinal nerve ligation reverses mechanical allodynia
via inhibitory effects on microglial and astrocyte signal-
ing.?® Conversely, pro-nociceptive effects of p2-AR stim-
ulation have been reported following acute dermal
administration of epinephrine®-*° and in mouse models
of complex pain syndromes®' > Collectively, these
studies suggest that endogenous and exogenous B2-AR
agonists can act on multiple cell types to produce anti-
nociceptive or pro-nociceptive effects and the analgesic
efficacy of P2-AR mimetics may be pain state
dependent.**

Notably, the therapeutic potential of f2-AR agonists
have not been tested in incisional pain models. The plan-
tar incision model has a unique pathophysiology and is
mechanistically distinct from inflammatory and neuro-
pathic pain (for review see Pogatzki-Zahn et al.**) In our
previous study, we observed that disruption of norad-
renergic input to the spinal cord significantly delayed
recovery of mechanical hypersensitivity for several
weeks following plantar incision in rats.*® This delay
was associated with enhanced spinal glial activation.*
The goal of the current study was to examine the ability
of the B2-AR agonist clenbuterol to promote resolution
of mechanical hypersensitivity following incisional sur-
gery including in rats with impaired spinal noradrenergic
tone. We hypothesized that administration of the f2-AR
agonist clenbuterol would reduce mechanical hypersen-
sitivity by reducing the response of peripheral macro-
phage to tissue injury and potentially by inhibiting
spinal microglial activation. Additionally, we used ITHC
and fluorescent in situ hybridization (FISH) to better
define the cellular distribution of B2-AR in the lumbar
spinal cord and skin of the rat to gain insight into the
potential site of action of clenbuterol.

Methods

Animals. A total of 104 male Sprague-Dawley rats
(Harlan Industries, Indianapolis, IN), weighing 180—
250 g, were used for experiments. All studies conformed
to the Wake Forest University Guidelines on the ethical
use of animals, and studies were performed under
Animal Care and Use Committee (Winston-Salem,
North Carolina) approval. Animals were housed under
a 12-hour light-dark cycle, with food and water ad
libitum.

Drugs. For ablative studies, anti-DBH-saporin and con-
trol immunoglobulin G (IgG)-saporin were obtained
from Advanced Targeting Systems, San Diego, CA
and injected intrathecally at a dose of 5ug in 10 ul of
sterile saline via percutaneous lumbar puncture at the
L5-L6 interspace two weeks prior to incision surgery.
Successful puncture of the dura was confirmed by the
presence of a tail flick. Previous studies demonstrate that
spinal anti-DBH-saporin at this dose reduces nearly all
spinally projecting noradrenergic neurons including
those originating from the locus coeruleus (A6), AS
and A7 cell groups. Supraspinally, there is a reduction
of DBH immunoreactive fibers in the cerebral cortex and
thalamic nuclei, however noradrenergic fibers in the
paraventricular hypothalamic nuclei are largely pre-
served.’”*® Previous studies have demonstrated that
dopaminergic and serotonergic innervation are not
altered by spinal DPH-saporin.*® Clenbuterol hydro-
chloride (Cat no C5423, Sigma-Aldrich, St. Louis,
Missouri, USA) was prepared in sterile saline solution



Arora et al.

at a concentration of 5mg/ml and delivered systemically
twice a day at 8:00 am and 8:00 pm beginning 6days
prior to and 8days post plantar incision at dose of
0.5mg/kg (i.p). The dose chosen for systemic delivery
are based on previous studies that demonstrated anti-
inflammatory effects in rodent models of injury.’**
For studies involving chronic spinal drug delivery, rats
were implanted with intrathecal catheters and drug was
delivered via mini-osmotic pumps as previously
described.*® Briefly, a small incision was made at the
back of the neck and a puncture was made in the
atlanto-occipital membrane of the cisterna magnum. A
polyethylene catheter (external diameter: 0.23 mm, inter-
nal volume: 6 pL; ReCathCo LLC, Allison Park, PA,
USA) was inserted for 7.5cm caudal so that the tip
reached the lumbar enlargement of the spinal cord,
and then it was secured on the fascia of paravertebral
muscle and the tip of the catheter was internalized and
the incision skin incision was enclosed with sutures.
Seven days after intrathecal catheterization (three days
prior to incision) a small incision was made at the base
of the neck and mini-osmotic pumps (Model 2002,
ALZET Osmotic Pumps, Cupertino, CA, USA) were
attached to the catheter and implanted for continual
drug infusion for 14days at a rate of 0.5u//hour.
Pumps were preloaded with clenbuterol at concentra-
tions to deliver 100ng/hour (2.4 pg/day), 10ng/hour
(240 ng/day), and 1ng/hour (24 ng/day). These doses
are similar to those previously shown to enhance
fear or emotional memory consolidation following
infusion into the basolateral amygdala of Sprague
Dawley rats.*>#
Plantar incision surgery. Plantar incision was performed
as previously described*® In brief, rats were anesthetized
with 2-3% of isoflurane. The plantar aspect of the left
hind paw was prepared in a sterile manner with a 10%
povidone-iodine solution. A 1-cm midline incision was
made using a No. 11 surgical blade starting 0.5 cm from
the proximal edge of the heel. The plantaris muscle was
elevated with curved forceps and incised longitudinally.
The model includes surgical incision of the skin, muscle,
and fascia of the rat hind paw. The wound was closed
with two 5-0 nylon mattress sutures and covered with
triple antibiotic ointment. Sham surgery for plantar inci-
sion consisted of all perioperative procedures including
inhalational isoflurane without incision of the skin.
Behavioral analysis. For all behavioral analysis, indi-
viduals who conducted assays were blinded to the group
allocation. Because the incision was on the plantar
aspects of the paw, the examiner could not be blinded
to surgery. Paw withdrawal thresholds to mechanical
stimuli were assessed using von Frey filaments
(Stoelting Co., Wood Dale, IL, USA) using the up-
down statistical method.?” In brief, filaments were
applied to the hindpaw medial to the incision to the

bending point for 6 second and a brisk paw withdrawal
was considered a positive response.

Tissue preparation and immunohistochemistry. Rats
were anesthetized with sodium pentobarbital (i.p.;
100 mg/kg), the thorax was opened, and 0.1M
phosphate-buffered saline (PBS, pH 7.4) followed by fix-
ative (4% paraformaldehyde in 0.1 M PBS, pH 7.4) was
perfused through the left ventricle with a peristaltic
pump (20 ml/min). The lumbar spinal cord and plantar
skin were removed, immersed in fixative for 1 h at 4°C,
then immersed in 30% sucrose at 4 °C for cryoprotection
until ready to be sectioned. We determined in prelimi-
nary studies that post-fixation greater than 4 hours sig-
nificantly blocked antigenicity for B2-AR resulting in
nearly complete loss of staining. Transverse spinal cord
sections were cut at 40pms using a cryostat (Leica
CM3050S, Leica Biosystems GmbH, Wetzlar,
Germany) and mounted to non-plus slides to be proc-
essed as free-floating sections. Skin sections were cut at
20 pms and mounted to Superfrost™ Plus slides (Fisher
Scientific, Pittsburgh, PA, USA). Free-floating and
slide-mounted sections were blocked with 3% normal
donkey serum in 0.3% Triton X-100 for 1h at room
temperature and incubated overnight at 4°C with pri-
mary antibodies. We used a previously characterized
antibody against B2 adrenergic receptors (AAR-016,
B2-AR, 1:1000, rabbit anti-mouse, Alomone Labs;
Jerusalem, Israel). This antibody is highly specific anti-
body directed against an extracellular epitope of the
mouse B2-AR corresponding to amino acid residues
15-30 (Peptide (C) NGSRAPDHDVTQERDE) with
sequence homology of 15/16 amino acid residues with
human and 14/16 residues with rat sequence. We also
validated specificity in rat spinal cord and DRG tissue
based on loss of staining following preabsorption of the
primary antibody with the corresponding peptide. Cell
type specific antibodies included ionizing calcium bind-
ing adapter molecule 1 (IBA1; 1:1000, goat anti-rat;
Abcam) and CDI11b (clone OX-42, 1:500, mouse anti-
rat, Bio-Rad, Hercules, CA, USA) for microglia; CD68
(clone EDI1, 1:2000, mouse anti-rat, Bio-Rad, Hercules,
CA, USA) for activated M1 macrophage, NeulN (mouse
anti-rat NeuN) to label neurons and DBH (1:500, mouse
anti-rat; Millipore, Billerica, MA, USA) for noradrener-
gic neurons and terminals. After incubation with prima-
ry antibodies, sections were washed three times for 10—
15min each in PBS. Subsequently, sections were incu-
bated for 2-3h at room temperature with Cy3- and
biotin-conjugated secondary antibody (1:500; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA,
USA). After washing three times, streptavidin-Cy2 was
used for 1h at room temperature and followed with
another three 10-min washes. Finally, the free-floating
sections were mounted on Superfrost™™ Plus slides, and
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then run them through 70%, 95%, 100% ETOH, and
xylene for 2min each, and cover slipped with DPX.

In_situ  hybridization. For ISH, we used the
QuantiGene ViewRNA tissue assay (Affymetrix
Panomics) according to the manufacturer’s instructions,
with a probe set designed by Affymetrix for hybridiza-
tion to the rat f2-AR coding region. Briefly, freshly dis-
sected lumbar spinal cord was sectioned at 16 um,
collected on Superfrost Plus slides, and stored at
—80°C until use. Sections were postfixed for 1hour in
4% formaldehyde then treated with Protease QF for
20 min and then incubated with RNA probes for 3h at
40°C. After hybridization, washing, preamplifier
hybridization, amplifier hybridization, and hybridiza-
tion with an alkaline phosphatase-labeled probe, the
signal was developed via reaction with fast red.
Sections were counterstained with 4, 6-diamidino-2-phe-
nylindole (DAPI, 1:10,000, Invitrogen, Carlsbad, CA,
USA) to label all nuclei

Image analysis. Images of the spinal cord were cap-
tured on a Nikon Eclipse Ni fluorescent microscope
fitted with a NIkon DS QilMCdigital camera using a
10x objective or an Olympus Fluoview 1200 laser scan-
ning confocal system. Quantification for IBA1 immu-
nostaining was performed in 5 randomly selected
sections from each animal. Image analysis software
(Nikon Element Basic Research version 4.3) was used
to quantify immunofluorescence. As in our previous
study’® the upper and lower threshold optical densities
were adjusted to match positive immunoreactivity for
each antibody. The image thresholds were determined
and applied uniformly to all sections. A fixed area
(250 x 250 pm?) was positioned in the dorsal medial
and central third of the spinal cord dorsal horn (corre-
sponding to the topography of the central projections of
sensory neurons that innervate the incised region of the
hindpaw) ** and the number of pixels within the thresh-
old value was quantified. Data are expressed as number
of pixels in the area. To limit variability in immunohis-
tochemical measurements, all groups of rats were proc-
essed on the same day and the same threshold value was
applied to all images for a given antibody. We also quan-
tified the number of p-p38-iR cellular profiles in the
dorsal (laminae I-III) spinal cord. Counts were restricted
to p-p38-IR cellular profiles that colocalized with the
microglial marker CD11b. The individuals quantifying
the images were blind to the treatment group. For anal-
ysis of macrophage in the skin of rats with incision, the
density of total IBA1" monocyte/macrophage and
CD68" activated M1 macrophage was quantified in
two regions of the epidermis (200 pm x 200 pm area)
and dermis (400 pm x 400 pm area) adjacent to the site
of incision. The area of labeling within a defined inten-
sity range or threshold was measured in the respective
regions and reported as mean + SEM.

Experimental design and group size. Behavioral studies
consisted of an initial cohort of 24 rats randomly
assigned to 4 treatment groups (clenbuterol treated
DpBH-saporin incision, clenbuterol treated IgG-saporin,
vehicle treated DPH-saporin and vehicle treated IgG
saporin, n =6 per group) in order to examine the effects
of chronic perioperative clenbuterol on trajectory of
postsurgical recovery of mechanical hypersensitivity
through eight days following plantar incision. Spinal
cord and skin tissue were collected from this same
cohort of rats to examine the effects of treatment on
spinal glial activation and infiltration of macrophage
at the incision site. A second cohort of NE depleted
incision rats was randomly assigned to treatment (clen-
buterol treated DBH-saporin, n= 16 and vehicle treated
DpBH-saporin, n = 8) to examine long term effects of sys-
temic clenbuterol on postsurgical recovery of hypersen-
sitivity over 5weeks postoperatively. A third cohort of
NE depleted incision rats was randomly assigned to one
of four treatment groups (n=5 per group) for spinal
infusion of clenbuterol or vehicle. For studies examining
the effects of clenbuterol treatment on spinal microglial
and peripheral macrophage infiltration, spinal cord and
skin tissue was collected and analyzed from the initial
behavioral cohort of rats (n=6 per group). In previous
studies, we determined that microglial activation
induced by plantar incision was most prominent in the
L4 region. Therefore, the six rats in each group were
further divided into two sets with a sample size of
three for each set of markers (DBH/IBAI and p-p38/
CD11Db). For qualitative examination of f2-AR-IR and
2 mRNA in rat spinal cord , tissue was collected from a
total of 4 naive rats for IHC and in situ hybridization.
For qualitative examination of B2-AR-IR in the skin,
hind paw skin tissue was obtained from naive (n=4)
and rats two days following plantar incision (n=4), a
time point shown to coincide with maximal monocyte/
macrophage infiltration following plantar incision in
previous rodent studies.*® For immunohistochemical
and behavioral analysis in treated rats, we did not
define a priori a minimum biologically important differ-
ence and determine group size based on a formal power
analysis or simulations. Rather, we used group sizes typ-
ical for these kind of experiments.>*’

Data analysis. The primary outcome measure was
reduction in mechanical hypersensitivity over time as
determined from modeled trajectories of postsurgical
mechanical paw withdrawal thresholds in the ipsilateral
paw of rats with plantar incision. Longitudinal measures
of mechanical withdrawal threshold were modeled using
growth curve analysis as previously described.*” Linear
and quadratic models were employed to model individ-
ual change over time and the linear model was chosen
based on Bayesian Information Criterion (BIC) fit sta-
tistic. This analysis gives rise to intercept (initial pain at
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time 0) and slope (linear rate of change in pain measure)
estimates. The intercept and slope terms can vary across
individual rats (random effects) and as a function of
treatment group or condition (fixed effects) allowing us
to examine the ability of interventions to impair or
improve several aspects of postoperative pain trajectory.
Bonferroni correction was made for the within group
models considering p <0.025 to be statistically signifi-
cant. Group averaged trajectories are presented with
95% confidence limits and were analyzed using SAS®
v9.4 software (SAS Institute Inc., Cary, NC, USA).
Mechanical withdrawal thresholds were also analyzed
using a two-way repeated measures analysis of variance
(RM-ANOVA) where group (DPH-saporin or IgG-
saporin) and treatment (clenbuterol or vehicle) were con-
sidered as independent variables in the model.
Bonferroni post hoc correction was also made here to
adjust for multiple comparisons. Immunohistochemical
data was analyzed using one or two-way ANOVA fol-
lowed by the Student Newman Keuls (SNK) post hoc
test for multiple comparisons among different groups.
Immunohistochemical data are presented as mean+
SEM and analyzed using Sigma Plot (Version 12.0;
Systat Inc., San Jose, CA). All reported P values are
two-tailed and a P value of less than 0.05 is accepted
for statistical significance in the immunohistochemical
analysis.

Results

Effects of perioperative systemic and spinal 32-AR
agonist clenbuterol on resolution of mechanical
hypersensitivity in rats following plantar incision

Systemic administration of clenbuterol for six days prior
to surgery did not significantly alter baseline thresholds
in any of the groups (22.47+1.8 Incision/IgG-sap/
vehicle; 21.81+1.9 Incision/DBH-sap/Vehicle 24.12 +
1.2 Incision/IgG-sap/clenbuterol, 21.81 1.9 Incision/
DPH-sap/Vehicle; p=0.98, Figure 1(a)). Continued sys-
temic administration of clenbuterol for 8days post-
incision significantly reduced postsurgical hypersensitiv-
ity in both DPH-saporin treated and control
IgG-saporin treated rats one day following incision
(Figure 1(a)). DPH-saporin incision rats administered
with vehicle had greater mechanical hypersensitivity
compared to IgG-saporin incision vehicle treated rats
on days 2,4,6, and 8 following surgery (P < 0.001). This
increased acute mechanical hypersensitivity from day 2
to 8 post-incision was not observed in DH-saporin inci-
sion rats administered with clenbuterol. We used mixed
effects growth curve modeling of longitudinal paw with-
drawal thresholds to examine effects of clenbuterol on
postoperative pain trajectories. Postoperative

trajectories of DBH-saporin incision rats treated with
vehicle displayed lower intercept (greater initial hyper-
sensitivity) and nearly flat slope indicating a slower rate
of recovery during the first eight days after incision com-
pared to control IgG-saporin incision rats administered
vehicle (Figure 1(b), Table 1) similar to our previous
study.?® Trajectories of DBH-saporin and IgG-saporin
incision rats treated with clenbuterol displayed greater
intercepts (less initial hypersensitivity) and flat slopes
compared to control IgG-saporin incision rats adminis-
tered vehicle (Figure 1(b), Table 1) indicating an acute
attenuation of mechanical hypersensitivity over several
days.

In a separate cohort of rats, we assessed mechanical
hypersensitivity for several weeks after discontinuing
drug to examine long term effects of clenbuterol on
recovery in NE depleted DBH-saporin incision rats
(Figure 1(c)). Similar to the shorter time course study,
we observed reduced mechanical hypersensitivity for
several days after incision (Figure 1(c), Two-way RM
ANOVA, group x time: F (15,330)=2.28, p=0.004).
DPBH-saporin incision rats administered vehicle had
greater mechanical hypersensitivity compared to DBH-
saporin incision clenbuterol treated rats on days 4,7,10,
11, 14 and 28 following surgery (P < 0.05). Similar to the
above results, postoperative trajectories of clenbuterol
treated DPH-saporin incision rats had a significantly
greater intercept or reduced initial mechanical hypersen-
sitivity but the slope or rate of recovery over 5 weeks was
not significantly different compared to vehicle treated
DPBH-saporin incision rats (Figure 1(d), Table 2). To
determine if spinal delivery of clenbuterol produced sim-
ilar reductions in mechanical hypersensitivity in DBH-
saporin incision rats, we chronically infused varying
doses of clenbuterol or saline directly into the spinal
cord of rats following DBH-saporin treatment and
four days prior to plantar incision. Prior to incision,
spinal clenbuterol did not alter baseline mechanical with-
drawal thresholds (22.66 4- 0.2 g Incision/DH-sap/vehicle;
21.354+0.9 g Incision/DBH-sap/clenbuterol — 2.4 pug/day;
24.474+0.2g Incision/DBH-sap/clenbuterol-240 ng/day;
21.86 £+ 2.0 g Incision/DBH-sap/clenbuterol-24 ng/day; p =
0.97, Figure 1(e)). Unlike systemic administration, contin-
ued spinal infusion for ten days postoperatively did not
significantly reduce mechanical hypersensitivity in rats
with incision at any dose tested (Figure 1(e)).

Impact of perioperative systemic 32 adrenergic
receptor agonist clenbuterol on spinal microglial
activation in rats with incision

In the same rats used for short term behavioral studies
(Figure 1(a) and (b)), we examined the spinal cord of rats
eight days following incision to determine if clenbuterol
treatment impacted microglial activation. We confirmed
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Figure 1. Effects of clenbuterol on resolution of mechanical hypersensitivity in a rat model of persistent postsurgical pain. Fourteen days
prior to plantar incision surgery, rats received spinal DH-saporin (5 ug/10 pl, i.t.) to deplete spinal noradrenergic fibers or IgG-saporin
(5 png/10pl, it.) as a control. Male Sprague Dawley rats were administered clenbuterol (0.5 mg/kg, 2x/day, i.p.) or saline beginning six days
prior to surgery and mechanical paw withdrawal thresholds were assessed longitudinally in the ipsilateral paw for eight days postoper-
atively (a). Data are expressed as mean & SEM (n = 6 per group, Two way RM-ANOVA with Bonferroni comparisons *P < 0.05 within time
point versus IgG-saporin incision + vehicle. Longitudinal behavioral data beginning at day | following incisions was also analyzed using
mixed effects growth curve modeling to examine differences in acute postoperative pain trajectories (b). Data expressed as group
averaged mean trajectories with 95% confidence intervals. Modeled acute postoperative pain trajectories indicated significant differences in
initial mechanical hypersensitivity [(Group) p=0.003] and slope [(Group x Time) p < 0.0001] comparing DH-saporin vehicle treated rats
to lgG-saporin vehicle treated rats. Clenbuterol treated DSH saporin rats had significantly greater intercept [(Group) p =0.01] but similar
slope or rate of recovery [(Group x Time) p=0.053] compared to D{H-saporin incision vehicle treated rats. In a separate cohort of
DfH-saporin incision rats, long term effects of clenbuterol treatment were assessed until 35 days postoperatively (c). Data are expressed
as mean + SEM (Two-way RM-ANOVA with Bonferroni comparisons *P < 0.05 within time point versus DfH-saporin incision + vehicle;
n = 8 vehicle threated group; n = 16 clenbuterol treated group). Modeled postoperative pain trajectories indicated significant differences in
degree of mechanical hypersensitivity [(Group) p = 0.0014] but similar slopes or rate of recovery over 35 days postoperatively [(Group x
Time) p=0.63] compared to vehicle treated rats (d). Spinal administration of varying doses of clenbuterol for 14 days by mini-osmotic
pump beginning four days prior to surgery in DfiH-saporin incision rats (f). Data are expressed as mean + SEM. Two-way RM ANOVA
indicate effect of time: p <0.001 but not dose/group: p=0.600 or interaction: p =0.995.

spinal depletion of noradrenergic terminals in DH-sap-
orin treated rats based on nearly complete loss of label-
ing for DBH (Figure 2(b) and (c)) compared to control
IgG-saporin treated rats (Figure 2(a)). We observed a
near two-fold greater density of IBA1-IR (Figure 2(d)
to (f) and (j)) and p38-IR microglia (Figure 2(g) to (i)

and (k)) in the medial aspects of the dorsal spinal cord of
DPBH-saporin incision vehicle treated rats compared to
IgG-saporin incision vehicle treated rats similar to our
previous results.** Clenbuterol treatment prevented the
increased IBA1-IR (Figure 2(f) and (j)) and p38-IR
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Table I. Short term study: Growth curve modeling of ipsilateral mechanical withdrawal thresholds in rats with plantar incision over
8 days postoperatively.

Predictor Parameter Estimate (Lower bound, upper bound) p
Entire population Intercept 2.803 (0.013, 5.592) 0.049
Entire population Slope 1.880 (1.404, 2.356) <0.001
Group Intercept
DpH-saporin + clenb 6.320 (2.375, 10.264) 0.003
IgG-saporin + clenb 5.370 (1.425, 9.314) 0.010
D fH-saporin + vehicle 0.124 (—3.820, 4.069) 0.948
IgG-saporin + vehicle REF
Group x Time Slope
DpH-saporin + clenb -1.00 (-1.675, —.0.330) 0.004
IgG-saporin + clenb -0.988 (-1.660, -0.315) 0.005
DfH-saporin + vehicle -1.758 (—2.431, —1.085) <0.0001
IgG-saporin + vehicle REF

Comparison of growth curve parameters for NE depleted (DfH-saporin) and intact (IgG-saporin) rats following plantar incision and treatment with
clenbuterol (0.5 mg/kg, i.p. 2x day) or saline vehicle from 6 days prior to incision through 8 days postoperatively. Growth curve analysis of paw withdrawal
thresholds (Day 1-8) best fit a linear model giving rise to an intercept (hypersensitivity at time 0), slope (linear rate of change in hypersensitivity).

clen = clenbuterol, REF = reference value.

Table 2. Long term study: Growth curve modeling of ipsilateral mechanical withdrawal thresholds in rats with plantar incision over
5 weeks postoperatively.

Predictor Parameter Estimate (Lower bound, upper bound) p
Entire population Intercept 4.031 (3.140, 4.921) <0.0001
Entire population Slope 0.440 (0.383, 0.498) <0.0001
Group Intercept

DfH-saporin + clenb 1.926 (0.835, 3.016) 0.001

D fH-saporin + vehicle REF
Group x Time Slope

DffH-saporin + clenb 0.017 (-0.054, 0.088) 0.635

DfH-saporin + vehicle REF

Comparison of growth curve parameters for spinally NE depleted (D /{H-saporin) and intact rats following plantar incision and treatment with clenbuterol
(0.5 mg/kg, i.p. 2x day) or saline vehicle from 6 days prior to incision through 8 days postoperatively. Growth curve analysis of paw withdrawal thresholds
(Day 1-35) best fit a linear model giving rise to an intercept (hypersensitivity at time 0), slope (linear rate of change in hypersensitivity). clen = clenbuterol,
REF = reference value.

microglia (Figure 2(i) and (k)) in DBH-saporin treated
incision rats.

IBAI-IR monocytes/macrophage in the dermal region
adjacent to the incision site (Figure 3). We observed sig-
nificant reduction in the levels of IBA1-IR in the dermis
of clenbuterol treated rats (Figure 3(a) to (d); Figure 4

Impact of perioperative systemic B2 -AR agonist (d)). Similarly, the density of CD68-IR macrophage was

clenbuterol on activation of skin resident monocytes/
macrophage

As previous studies suggest that B2-AR activation has
immunomodulatory and anti-inflammatory effects on
macrophage, we examined the distribution (Figure 3)
and quantified the immunodensity (Figure 4) of IBA1
positive monocyte/macrophage and activated CD68 pos-
itive macrophage in the epidermal and dermal skin layers
eight days following incision in the plantar aspects of the
ipsilateral paw of rats from the short-term behavioral
studies above. Both DPH-saporin and IgG saporin
treated rats administered saline had a high density of

reduced in the dermis of clenbuterol treated rats (Figure 3
(e) to (h); Figure 4(e)). CD68-IR was slightly greater in
vehicle treated DBH-saporin rats versus vehicle treated
IgG-saporin treated rats. The levels of IBA-IR and
CD68-IR observed in the epidermal layers of the skin
were not significantly different between groups (Figure
4(b) and (c)).

Distribution of 2-AR in the spinal cord and skin of
naive and incision rats

We used THC and in situ hybridization to confirm the
cellular localization of B2-ARs in the spinal cord of rats
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Figure 2. Effects of 2 adrenergic receptor (AR) agonist on enhanced spinal microglia activation in a rat model of persistent postop-
erative pain. Sections of spinal cord were collected from rats 8 days following plantar incision and following treatment with D fH-saporin to
deplete spinal noradrenergic terminals or control IgG-saporin. Rats were chronically administered clenbuterol (0.5 mg/kg, 2x/day, i.p.) or
saline vehicle 6 days prior to and for 8 days after plantar incision. Depletion of spinal noradrenergic fibers was verified immunohisto-
chemically with an antibody against dopamine f; hydroxylase (DffH, (a)—(c)). Representative confocal images of IBAI-IR (blue, (d)—(f)) and
phospho-p38 MAPK-IR (purple, (g)—(i)) in the ipsilateral spinal cord of incision rats. Localization of p38 MAPK in microglia was confirmed
by colocalization with an antibody against the cell surface antigen CDI Ib (green, inset in (h)). Quantification of IBAI-IR in ipsilateral and
contralateral spinal cord of rats with incision (j). Data represent mean & SEM, n =3 rats per group. Two way ANOVA indicated effect of
group: p < 0.00! but not side p=20.184 or interaction: p=0.59 with SNK pairwise comparisons *p < 0.00| versus Incision+ DfH-
saporin+ vehicle. Quantification of phospho-p38 MAPK microglial in the ipsilateral and contralateral spinal cord of rats with incision (k).
Data represent mean =+ SEM, n =3 rats per group. Two way ANOVA indicate effect of group: p=0.002 but not side p=10.398 or
interaction: p=0.67 with SNK pairwise comparisons * p < 0.005 versus Incision+ DpH-saporin+ vehicle.
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IgG-saporin + vehicle DBH-saporin + vehicle IgG-saporin + clenb DpH-saporin + clenb

Figure 3. Confocal images of IBAI-IR monocytes/macrophage and activated CD68-IR macrophage at the incision site in treated rats.
Transverse sections of skin were collected from rats 8 days following plantar incision. Sections were labeled with an antibody against IBAI
(red, (2)—(d)) to label all monocytes/macrophage and an antibody against CD68 (green, (e)—(h)) to label M| or activated macrophage in
DpH-saporin and IgG saporin incision rats treated chronically with clenbuterol (0.5 mg/kg 2x day) or vehicle from 6 days prior to 8 days
after surgery. Higher magnification insets were obtained from the dermal layer adjacent to the incision site to more clearly show density
and morphology of IBAI-IR macrophage ((a)—(d)) and colocalization of CD68 with IBAI-IR in macrophage ((e)—(h)). Note reduced density
of IBAI-IR cellular profiles in the dermal skin layer of clenbuterol treated Df{H-saporin and IgG saporin incision rats.CD68-IR was also
reduced in the dermal skin layer of clenbuterol treated Df{H-saporin and IgG saporin incision rats compared to vehicle controls.
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Figure 4. Quantification of macrophage density and activation at the incision site in treated rats. (a) lllustration of approach for sampling
and analyzing transverse skin sections including representative image of IBAI-IR (red), CD68-IR (green) and DAPI positive cellular nuclei
(blue) in a transverse section of skin eight days following plantar incision. Inmunodensity of IBAI-IR ((b) and (d)) and CD68-IR ((c) and (e))
was quantified in two regions of the epidermis (200 pum? x 200 pm? area) and dermis (400 um? x 400 um? area) indicated by boxes

adjacent to the site of incision. The area of labeling within a defined intensity range or threshold was measured in the respective regions
and reported as mean & SEM. n =6 rats per group. For IBAI dermal: Two-way ANOVA with SNK pairwise comparisons indicate main
effect of treatment: p < 0.001 but not group p=0.489 **p < 0.002, * p < 0.05 versus vehicle. For CD68 dermal: Two-way ANOVA with
Bonferroni contrasts indicates main effect of treatment: p=0.007 and group p =0.043. * p < 0.05 versus vehicle. # p < 0.05 versus DH-

saporin.

under naive conditions and two days following plantar
incision. Within the naive rat spinal cord, we observed
B2-AR-IR in a subpopulation of neuronal soma in the
dorsal and ventral horn as well as fibers within

mediolateral aspects of the superficial dorsal horn
(Figure 5(a) and (b)). P2-AR-IR was also present in
ependymal cells in the vicinity of the central canal
(Figure 5(a) and (b), arrowhead). f2-AR-IR was not
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Figure 5. Beta 2-adrenergic receptor immunoreactivity in the spinal cord of rats under naive conditions and two days following plantar
incision. Transverse section of L4 spinal cord of rat reacted with antibody against 52 adrenergic receptor ((a), f2-AR, green). There is a
high density of immunoreactivity in cellular profiles throughout dorsal and ventral horn. There is also dense immunoreactivity in axon
terminals within the lateral portion of the superficial laminae (arrow) and ependymal cells in the vicinity of the central canal (Arrowhead).
Note lack of staining for 52-AR in motor neurons within the ventral horn (asterisk). Higher magnification confocal images show f2-AR-IR
((c), green) is present in a subpopulation of neurons ((d), NeuN, purple) in the dorsal spinal cord. Most f2-AR-IR cellular profiles
colocalized with NeuN with the exception of a few non-neuronal profiles with morphology typical of microglia (arrows, (c)—(f)). f2-AR-IR
non-neuronal cellular profiles in the spinal cord colocalized with the microglial marker IBAI (red, (e) and (f)). Arrows in F indicate IBAI
negative neuronal cellular profiles. Representative images of 2 mRNA and DAPI in the dorsal spinal cord (g) with high power image
showing colocalization with a subset of nuclei (h).
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present in motor neurons within the spinal cord (Figure
5(a) and (b), asterisk). In higher magnification confocal
images, we observed colocalization of f2-AR-IR in neu-
rons (NeuN-IR) and in a few non-neuronal cells (Figure
5(c) and (d)). Non-neuronal labeling in the spinal cord
colocalized primarily with the microglial marker IBA1
but not GFAP (data not shown) (Figure 5(e) and (f)).
B2-AR mRNA was associated with a subset of nuclei
within the dorsal spinal cord of naive rats (Figure 5(g)
and (h)) in a similar pattern as immunoreactivity.

We also used IHC to confirm the cellular localization
of B2-AR IR in the skin of rats under naive conditions
and two days following plantar incision. In normal rats,
B2-AR-IR was prominent in keratinocytes within the
epidermis but not present on resident IBAI-IR

Normal

90um

Incision (D2)

monocytes/macrophages or the few detectable CD68-
IR activated macrophage located at the epidermal/
dermal interface (Figure 6(a), (d), (g), and (j)).
Following plantar incision, f2-AR-IR was present on
keratinocytes and a subpopulation of IBAI1-IR mono-
cyte/macrophage in the vicinity of the incision site
(Figure 6(b), (e), (h), and (k)). The majority of f2-AR
cells in the skin co-expressed IBAI-IR and CD68-IR
(Figure 6(c), (f), (1), and (1)).

Discussion

In the current study, our key finding was that perioper-
ative administration of clenbuterol attenuated post-
incisional mechanical hypersensitivity and altered

Incision (D2

v

o

=

100pm

Figure 6. f2-adrenergic receptor immunoreactivity (f2AR-IR) in hindpaw of rats under naive conditions and following plantar incision.
Skin sections were obtained from the hind paw of naive rats and incision rats two days following surgery. Sixteen-um-thick sections were
stained with antibodies against f2AR-IR (green, (a)—(c)), IBAI (red, (d)—(f)) to label all monocytes/and macrophage, CDé68 (blue, (g)—(i)) for
activated M| macrophage) and DAPI ((j) and (k)) to label all nuclei. f2-AR IR was present in keratinocytes of both naive and incision rats.
Two days following plantar incision there were increased f2-AR IR cellular profiles in predominantly the dermal layers of the skin. Higher
maghnification confocal images ((c), (f), (i), and (1)) indicate colocalization of 52-AR in IBA1™ cells and a subset of which express CD68-IR.
Note in naive skin IBAI-IR was primarily present at the epidermal/dermal interface and had reduced dermal cellularity (DAPI" cells)

compared to skin adjacent to the wound in incision rats.
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postoperative trajectories particularly in rats with
impaired spinal noradrenergic tone. The ability of clen-
buterol to attenuate mechanical hypersensitivity was
most pronounced acutely within days of plantar incision
but persisted throughout the recovery period. Systemic
clenbuterol reduced microglial activation in the spinal
cord and macrophage infiltration at the site of incision.
In contrast, direct spinal infusion of varying doses of
clenbuterol over two weeks failed to reduce mechanical
hypersensitivity in rats with incision suggesting that
effects of systemic B2 stimulation on mechanical hyper-
sensitivity were peripherally mediated. We also con-
ducted secondary analysis characterizing the cell type
specific distribution of B2-ARs within the spinal cord
and skin of rats. In the rat spinal cord, f2-AR IR was
present on ependymal cells, microglia and a subpopula-
tion of neurons in normal and incision rats. Within the
skin, B2-AR IR was present in keratinocytes and
increased on infiltrating macrophage at the site of inci-
sion following plantar incision.

Distribution and cell type expression of 2-AR
activation in spinal cord of normal and incision rats

B2-ARs have been described throughout the peripheral
and central nervous system.*® " In peripheral tissue, p2-
ARs have been localized in keratinocytes,?>!
cells including macrophage and dendritic cells, satel-
lite glial cells*>and sensory neurons.**>*° In the spinal
cord, we observed B2-AR-IR on subpopulations of neu-
rons, microglia but not astrocytes in the normal and
incision rats. Previous studies have reported PB2-AR
mRNA in primary spinal microglia'® and in cultured
astrocytes.”” p2-AR-IR has previously been reported in
vivo on astrocyte process within the visual cortex of rats
based on THC with custom antibodies.’® It is not clear
why we failed to observe clear localization in astrocytes.
Prior studies used a primary antibody that targeted a
C-terminal portion of B2-AR selectively expressed in
astrocytes, whereas the current study used an antibody
that targets an N-terminal sequence.’® Cell type selective
differences in amino acid sequences within regions of 2-
AR might explain differences between ours and this pre-
vious study. We observed p2-AR-IR on a subpopulation
of neurons in the dorsal horn of the spinal cord.
Previous studies have reported B2-AR mRNA and IR
in neurons and ependymal cells within the spinal cord of
consistent with our results. Generally, we did
not observe qualitative differences in spinal cord [2-
AR-IR between naive or rats two days following plantar
incision a time point when mechanical hypersensitivity
was at a maximum. Within the skin, we observed immu-
noreactivity for B2-AR in keratinocytes of naive and
incision rats. Notably we observed an increaseof [2-
AR-IR on immune cells around the site of incision two

days postoperatively. These cells predominantly colocal-
ized with IBA1 and CD68 suggesting that they were
myeloid lincage monocytes and macrophage and a
likely site of action of B2-AR agonists. An important
future direction of research will be to examine a more
complete time course of alterations in f2-ARs following
incision on discrete subsets of spinal neurons and glial
cells and their function in nociceptive processing.

Perioperative administration of clenbuterol has
immunomodulatory effects in the skin and spinal cord
of rats with incision

B2-AR stimulation contributes to a variety of immune
related responses following surgical incision including
wound healing,®*®'neovascularization®® and potentially
immune cell mediated sensitization of sensory neurons as
several studies in rodents provide evidence that mono-
cytes/macrophage at the site of injury contribute to
mechanical hypersensitivity following plantar inci-
sion.**%® In the current study, we observed a nearly
two-fold reduction in the density of macrophage near
the site of incision following clenbuterol treatment.
The mechanism responsible for this effect was not exam-
ined, however B2 AR stimulation of activated macro-
phage in vitro reduces the synthesis and release of
CCL2,'* a well-known chemotactic molecule involved
In trafficking of immune cells to sites of injury. $2-AR
stimulation also has well known ability to reduce the
release of proinflammatory mediators (TNFa, IL-6
and IL1B) ''%1%%* and increase the release of anti-
inflammatory mediators (IL-10) in activated macro-
phage.'*!3 Several of these pro-inflammatory mediators
have an established role in driving peripheral sensitiza-
tion by direct actions on sensory neurons® and IL-10
derived from monocytes/macrophage has been shown to
reduce mechanical hypersensitivity under inflammatory
conditions.®® Recent studies in mice demonstrate that
genetic knockdown of NOD-like receptor 3 (NLRP3)
inflammasome signaling reduces infiltration of innate
immune cells, wound IL-1f levels and mechanical hyper-
sensitivity in male but not female mice.®> As f2-AR ago-
nists potently inhibit NLRP3 inflammasomes and IL1§
release in activated macrophage,®® it is plausible that the
reduced mechanical hypersensitivity in clenbuterol
treated rats could be due to reducing infiltration and
anti-inflammatory effects on macrophage at the site of
incision.

Similar to our previous results, we observed an
enhanced microglial response to plantar incision in
rodents with disrupted noradrenergic inhibition®® evi-
dent as increased cellular levels of IBA1 and number
of microglia that express p-p38 MAPK. Microglial acti-
vation and p38 signaling have been shown to enhance
excitatory neurotransmission and contribute to central
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sensitization in models of post-incisional pain.®” % p2-
AR agonists suppress microglial activation in vitro and
in vivo. Spinal terbutaline reduced mechanical allodynia
in mice with partial sciatic nerve ligation by inhibiting
phosphorylation of microglial p38 MAPK and astrocyte
Jun N-terminal kinase (JNK) signaling.”® The reductions
in mechanical hypersensitivity we observed with systemic
administration of clenbuterol could be in part due to
central effects on spinal microglia since clenbuterol read-
ily crosses the blood brain barrier.”” However, based on
the lack of effect of chronic spinal B2 AR stimulation on
mechanical hypersensitivity over a wide dose range
spinal 2 AR stimulation may not be sufficient to atten-
uate mechanical hypersensitivity in the current model. It
is possible that reductions in microglial activation
observed with systemic clenbuterol may be indirect due
to reduced activation of sensory neurons and spinal
release of neurotransmitters that drive microglial activa-
tion. More studies are needed to determine the precise
cellular mechanisms involved in the anti-allodynic effects
of clenbuterol in the current study. Studies utilizing cell
type specific knockdown of B2-ARs’' or peripherally
restricted B2 agonists may shed light on the site of
action and cellular effects of B2 agonists in various post-
surgical pain states.

Impact of clenbuterol on postoperative trajectory and
speed of recovery in rats with plantar incision

Clinically, acute pain postoperative trajectories are
increasingly being examined as a means to identify
patients at risk of developing persistent pain and poor
functional recovery. A few studies indicate that high
intensity non-resolving pain scores over days and
weeks may be predictive of greater pain and disability
months later’>"* and therapeutic interventions that alter
acute pain trajectories and speed recovery may improve
long term outcomes.’*’® For this reason, we examined
post-incisional trajectories of mechanical hypersensitivi-
ty as our primary outcome in the current study. Similar
to our previous results, we observed that depletion of
spinal NE using a targeted intrathecal anti-DBH-saporin
toxin delayed resolution of mechanical hypersensitivity
following incision for several weeks evident as a lower
intercept and a slower resolving flat slope of recovery
compared to non-depleted incision rats administered
control IgG-saporin.*® When we modeled paw with-
drawal thresholds over eight days or several weeks post-
operatively, we observed a clear attenuation of
mechanical hypersensitivity at early time points in clen-
buterol compared to vehicle treated rats; however, the
slope of recovery between clenbuterol and vehicle
treated rats was similar. There are several potential
explanations for the failure of clenbuterol to speed
recovery in rats with impaired noradrenergic tone.

First, f2-AR stimulation may be insufficient to prevent
the enhanced spinal sensitization that occurs with the
loss of descending noradrenergic inhibition. It is well
established that presynaptic and postsynaptic a2-ARs
are required for inhibitory effects of norepinephrine in
the spinal cord.”” In our previous study, we demonstrat-
ed a critical role for spinal a2-AR in both the initial
hypersensitivity and resolution of incisional pain as
chronic administration of the a2-AR antagonist atipa-
mezole dose dependently increased both the magnitude
and duration of mechanical hypersensitivity.*® Several
recent studies demonstrate an impairment of descending
spinal noradrenergic inhibition in rats with chronic
spinal nerve ligation (seven weeks after surgery) and
therapies including antidepressants like duloxetine that
increase spinal noradrenaline levels can restore the
impaired descending noradrenergic system and reverse
mechanical hypersensitivity. This restoration requires
02-ARs.”® Secondly, while p2-AR stimulation showed
clear spinal and peripheral immunomodulatory effects
eight days after incision this treatment regimen may be
insufficient to produce lasting effects during later stages
of recovery. In our previous study, we observed an
enhanced microglial activation in the spinal cord of
NE depleted rats as late as three weeks following inci-
sion.*® A longer treatment regimen may be required in
NE depleted rats to effectively suppress the prolonged
spinal  inflammatory response in this model.
Alternatively, chronic administration of clenbuterol
may cause desensitization of B2ARs on immune cells
limiting there anti-inflammatory and anti-allodynic
effects during later stages of recovery. Additionally,
the acute anti-inflammatory effect of clenbuterol may
be maximal during the early immune response to surgery
when peripheral macrophage activation is most pro-
nounced, but these immune related mechanisms may
be less relevant to the speed of recovery during the
more chronic phase. In recent studies, behavioral reso-
lution of mechanical hypersensitivity parallels closely
key alterations in peripheral sensory neuron
physiology.”

A key aspect of future studies will be to determine the
influence of clenbuterol or other B2-AR agonists on the
physiological response of sensory neurons particularly in
NE depleted rats at various stages of recovery.

Limitations and conclusions

There are some limitations to the current study. First, we
focus solely on mechanical hypersensitivity as an out-
come. In our previous study, we observed minimal
effects of disrupting spinal noradrenergic input on spon-
taneous guarding, a measure of ongoing pain at rest fol-
lowing incision. This suggests clinically f2-AR agonists
may be more effective at reducing hypersensitivity
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around surgical wounds rather than ongoing pain.
Additionally, the current anatomical and behavioral
studies are limited to male Sprague Dawley rats. As
mentioned above, preclinical studies have described sex
dependent differences in mechanisms of mechanical
hypersensitivity associated with plantar incision in
mice. Future studies are needed to determine if f2-AR
agonists have equivalent analgesic efficacy in females
and in other species. Nonetheless, the current results
expand our understanding of the role of B2-ARs in
mechanical hypersensitivity associated with plantar inci-
sion and point to the potential importance of targeting
B2-ARs to modulate the innate immune response and
reduce mechanical hypersensitivity associated with sur-
gical injury.
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