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Abstract

4R is a tobacco cembranoid that binds to and modulates cholinergic receptors and exhibits neuroprotective and anti-
inflammatory activity. Given the established function of the cholinergic system in pain and inflammation, we propose
that 4R is also analgesic. Here, we tested the hypothesis that systemic 4R treatment decreases pain-related behaviors
and peripheral inflammation via modulation of the alpha 7 nicotinic acetylcholine receptors (a7 nAChRs) in a mouse
model of inflammatory pain. We elicited inflammation by injecting Complete Freund's Adjuvant (CFA) into the hind
paw of male and female mice. We then assessed inflammation-induced hypersensitivity to cold, heat, and tactile
stimulation using the Acetone, Hargreaves, and von Frey tests, respectively, before and at different time points (2.5 h
— 8d) after a single systemic 4R (or vehicle) administration. We evaluated the contribution of a7 nAChRs 4R-mediated
analgesia by pre-treating mice with a selective antagonist of a7 nAChRs followed by 4R (or vehicle) administra-

tion prior to behavioral tests. We assessed CFA-induced paw edema and inflammation by measuring paw thickness
and quantifying immune cell infiltration in the injected hind paw using hematoxylin and eosin staining. Lastly, we
performed immunohistochemical and flow cytometric analyses of paw skin in a7 nAChR-cre::Ai9 mice to meas-

ure the expression of a7 nAChRs on immune subsets. Our experiments show that systemic administration of 4R
decreases inflammation-induced peripheral hypersensitivity in male and female mice and inflammation-induced paw
edema in male but not female mice. Notably, 4R-mediated analgesia and anti-inflammatory effects lasted up to 8d
after a single systemic administration on day 1. Pretreatment with an a7 nAChR-selective antagonist prevented
4R-mediated analgesia and anti-inflammatory effects, demonstrating that 4R effects are via modulation of a7 nAChRs.
We further show that a subset of immune cells in the hind paw expresses a7 nAChRs. However, the number of a7
nAChR-expressing immune cells is unaltered by CFA or 4R treatment, suggesting that 4R effects are independent

of a7 nAChR-expressing immune cells. Together, our findings identify a novel function of the 4R tobacco cembranoid
as an analgesic agent in both male and female mice that reduces peripheral inflammation in a sex-dependent man-
ner, further supporting the pharmacological targeting of the cholinergic system for pain treatment.
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Background

Nicotiana plants, commonly referred to as tobacco
plants, were used by many cultures in the past for a wide
range of medicinal purposes, such as wound and burn
healing, pain relief, and as a therapeutic option for dif-
ferent diseases [1-3]. Nicotine is the best-known alkaloid
of the tobacco plant and is known to bind to all nicotinic
cholinergic receptors [4]. Endogenously, nicotinic acetyl-
choline receptors (nAChRs) can be activated by acetyl-
choline and have been implicated in various physiological
functions such as cognition, inflammation, and pain pro-
cessing [5, 6]. nAChRs are ligand-gated ion channels
found throughout the nervous system and are also found
in subsets of immune cells [7-9]. Preclinical studies have
shown the therapeutic potential of targeting nAChRs for
their anti-inflammatory effects via their modulation of
the innate immune response [8].

Consistent with the proposed function of the cho-
linergic system in pain processing and inflammation,
previous studies in rodents have shown that a basal cho-
linergic tone modulates nociceptive processing. Specifi-
cally, the cholinergic tone is increased following injury,
and manipulation of this system by endogenous or exog-
enous ligands can have analgesic and anti-inflammatory
effects [10—12]. Given the highly addictive and harmful
properties of nicotine, however, efforts have been made
to identify pharmacological alternatives to modulate the
cholinergic system to treat pain and inflammation [6, 13].

In addition to nicotine, tobacco plants contain many
other chemical compounds, including cyclic diterpe-
noids called cembranoids found in tobacco leaves, flow-
ers, and smoke [14, 15]. The first identified tobacco
cembranoids were isolated by Roberts and Rowland in
1962 [16]. Since then, at least 89 other tobacco cem-
branoids have been described [17]. Whether tobacco
cembranoids contributed to the medicinal properties
attributed to the tobacco plant in the past, including
wound healing and pain relief, has not been established.
In the present study, we began to address this question
by evaluating the potential analgesic and anti-inflamma-
tory effects of the tobacco cembranoid (1S, 2E, 4R, 6R,
7E, 11E)-cembra-2,7,11-triene-4,6-diol, abbreviated as
4R. 4R was initially extracted and purified from tobacco
leaves, has the molecular formula C,;H;,0,, and the
chemical structure is shown in Fig. 1. We selected 4R for
this study because it is one of the best functionally char-
acterized tobacco cembranoids [18—22]. Importantly, 4R
has been previously shown to have anti-inflammatory
and neuroprotective effects and to inhibit prostaglandin
synthesis [20, 23-27].

Additional studies have further shown that 4R binds
to nAChRs and inhibits three human nAChRs sub-
types: neuronal a4f2 (IC50=19.1 uM) and o334
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(IC50=2.2 uM) and the embryonic muscle AChR
alPBly8-AChR (IC50=6.6 uM), demonstrating that 4R is
a nicotinic receptor ligand [15, 28]. Among the different
types of nAChRs, the a7 nAChR has received increas-
ing attention as a potential therapeutic target for chronic
inflammation and neuropathic pain [29-31]. Consistent
with this, «7 nAChRs have been shown to be expressed
in most types of immune cells, including macrophages,
T-cells, B-cells, mast cells, and neutrophils [31-34]. Stud-
ies have further shown that pharmacological activation
of a7 nAChRs reduces inflammation and that deficien-
cies in a7 nAChRs exacerbate inflammation [32, 35-38].
At the behavioral level, 7 nAChR agonists have been
shown to ameliorate pain in various animal pain models
[31, 33, 39, 40]. Together these studies strongly position
a7 nAChRs as a critical determinant of inflammation and
pain-related behaviors.

Based on these combined findings and the proposed
function of the cholinergic system in pain modulation
and inflammation, we hypothesized that 4R could also
decrease injury-induced hypersensitivity in a mouse
model of inflammatory pain via modulation of o7
nAChRs. To test these hypotheses, we employed multi-
disciplinary approaches including pharmacology, behav-
ioral pain assays, genetically modified mice, histology, and
flow cytometry. Our pharmacological experiments dem-
onstrate that inflammation-induced peripheral hyper-
sensitivity is reduced with systemic 4R treatment in both
male and female mice. Measurements of paw edema and
histological assessment of paw samples further show that
4R reduces peripheral inflammation in a sex-dependent
manner. Additionally, using Methyllycaconitine (MLA),
a selective antagonist of o7 nAChRs, we demonstrate
that the anti-hyperalgesic and anti-inflammatory effects
of 4R are mediated through a7 nAChRs. Flow cytometry
and immunohistochemical analyses of paw samples from
Chrna7-Cre::Ai9 mice, which are genetically modified to
express tdTomato in a7 nAChRs+ cells, further indicate
that a subset of macrophages and T-cells expresses the a7
nAChRs. However, no measurable changes in the num-
ber of a7 nAChR-expressing immune cells were observed
following inflammation. Together, our results identified a
novel analgesic function for 4R and further support the
use of pharmacological agents targeting the cholinergic
system to treat pain and inflammation.

Materials and methods

Mice

Male and female C57BL/6 J (Jackson Labs; stock no.
00064) mice were used for all the behavioral experi-
ments. To visualize and detect cells expressing a7
nAChRs in histological and flow cytometric experi-
ments, we used the genetically modified mice described
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Fig. 1 Systemic administration of 4R tobacco cembranoid reduces inflammation-induced peripheral hypersensitivity (a) Chemical structure (left
panel) and 3D molecular model (right panel) of 4R-tobacco cembranoid. Oxygen, hydrogen, and carbon atoms are colored red, white, and grey,
respectively. (b) Experimental timeline for acetone (cold), Hargreaves (heat) and von Frey (tactile) tests in CFA-injected and non-injected hind paws
before and at different times after 4R (1, 6 and 15 mg/kg) or vehicle administration. (c) Acetone response score, (d) withdrawal latency to heat
stimulation (e) withdrawal threshold to tactile stimulation. All values are expressed as mean+SEM. n=4-9 animals per treatment and test. Two-way
ANOVA followed by posthoc Tukey's multiple comparisons test: CFA-injected paw vs uninjected paw in pre-drug vehicle (veh) conditions, p <0.0001
(####), 4R treated CFA-injected paw vs vehicle uninjected paw, p <0.0001 (1 9 9 9); not significant =ns. Two-way ANOVA followed by post hoc
Dunnett’s multiple comparisons test: CFA-injected paws in vehicle vs 4R systemic treatment of the same time-point, p<0.05 (*), p<0.01 (**),
p<0.001 (***), p<0.0001 (****). Wilcoxon matched-pairs signed rank test: CFA-injected paw vs uninjected paw in pre-drug vehicle (veh) conditions,
p<0.01 (+1), Non-parametric Mann-Whitney multiple comparisons test followed by Holm-Sidék method; CFA-injected paws in vehicle vs 4R
systemic treatment of the same time-point, adjusted p<0.01 ($%), adjusted p<0.001 (#+3); vehicle (veh) uninjected paw (day 7) vs 4R 15 mg/kg
CFA-injected paw (day 7), adjusted p>0.05 (§8). Results of multiple comparisons between vehicle (veh) and 4R 1 mg/kg, 6 mg/kg or 15 mg/kg are
shown in purple, teal, and orange, respectively
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below. Chrna7-cre heterozygous male and female
mice, stock Tg(Chrna7-cre)NP348Gsat/Mmucd,
RRID:MMRRC_034694-UCD, were obtained from
the Mutant Mouse Resource and Research Center
(MMRRC) at University of California at Davis, an
NIH-funded strain repository, and was donated to
the MMRRC by Nathaniel Heintz, Ph.D., The Rock-
efeller University, GENSAT and Charles Gerfen, Ph.D.,
National Institutes of Health, National Institute of
Mental Health. Chrna7-cre heterozygous male and
female mice were backcrossed to C57BL/6N]J (Jackson
Labs; stock no. 005304) for ten generations. Chrna7-
cre heterozygous male and female mice in C56BL/6N]
background were then crossed with homozygous Ai9
(The Jackson Laboratory, stock no. 007909). The off-
spring, referred to in this study as a7'47m3° were used
for immunohistochemistry (IHC) and flow cytom-
etry experiments. The genotype of offspring mice was
assessed for the presence of Cre-recombinase using
DNA from tail biopsies and polymerase chain reaction
(PCR, Transnetyx). The following primer sequences
were used: TTAATCCATATTGGCAGAACGAAA
ACG (forward) and CAGGCTAAGTGCCTTCTC
TACA (reverse).

Animals were housed in groups of 3-5 littermates in
a temperature-controlled facility, with ad libitum access
to food and water under reversed 12 h/12 h light/
dark cycle (9 pm to 9 am light). All behavioral experi-
ments were performed during the dark phase under
red light. For behavior experiments, one week prior to
experiments, mice were transferred in pairs to a new
home cage divided with perforated plexiglass, with
one mouse in each compartment. Mice were handled
daily for five days before behavioral testing, as previ-
ously described [41]. Procedures performed with mice
were approved by the Animal Care and Use Committee
of the National Institute of Neurologic Disorders and
Stroke, the National Institute of Deafness and Other
Communication Disorders, and the University of Texas
at Dallas Institutional Animal Care and Use Commit-
tee per the National Institutes of Health (NIH) guide-
lines. All behavioral experiments were performed by an
investigator blind to experimental treatments. Pairs of
animals within a home cage were randomly assigned to
individual experimental groups. After treatment, mice
were returned to their original home cage. This rand-
omization system allowed mice with the same treat-
ment to be housed together. Male and female mice were
never tested simultaneously in the same behavior room.
All experimental procedures were replicated at least
two times. For the behavioral experiments, the mini-
mum sample size per sex was determined by a power
calculation using G*power (version 3.1.9.2) with effect
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size (f) set to 0.75, at 95% power with a set to 0.05
[42-44].

CFA model of inflammatory pain and behavioral tests

Mice were lightly anesthetized with isoflurane (0.5%—1%
at a flow rate of 0.5 L/min), and 10 pL of Complete Fre-
und’s Adjuvant (CFA, F5881, Sigma Aldrich) was injected
subcutaneously into the plantar area of the right hind
paw using an insulin syringe (Sure Comfort 29 gx1/2”
3/10 cc). Day 0 is defined as the day of CFA injection.
Drug solutions used for systemic injections (vehicle or
4R) were made fresh on the day of administration, and
a single subcutaneous (s.c.) injection of 56—70 pL was
administered into the loose skin over the shoulder on
day 1. CFA-induced inflammation and hyperalgesia were
assessed on day 1 before s.c. injection of vehicle or 4R
(1, 6, or 15 mg/kg body weight). The doses of 4R were
selected based on previous pharmacokinetic studies in
rats [45] and extrapolated to mice to account for species
differences as previously described [46]. The effects of s.c.
treatment with 4R or vehicle on CFA-induced inflamma-
tion and hyperalgesia were assessed on days 1, 2, 7, and
8 after the injections. Day 1 effects were measured 2—-5 h
after s.c. injections.

To evaluate the contribution of a7 nAChRs, we used
the a7 nAChRs selective antagonist, Methyllycaconitine
(MLA). For these experiments, mice received a single
vehicle or MLA (10 mg/kg body weight) injection sub-
cutaneously 15 min before the injection of vehicle or
4R (15 mg/kg body weight). This dose of MLA has been
shown to effectively block the anti-nociceptive effects of
pharmacological treatments targeting o7 nAChRs [47,
48]. The rest of the experiments were performed identi-
cally to the 4R experiments described above.

The dorsal-ventral diameter of the CFA-treated and
untreated hind paws were measured as an indirect meas-
urement of inflammation using a microcaliper (UX-
97152-17, Cole Palmer). For all behavioral tests, animals
were individually placed inside a custom-made white
plexiglass testing chamber (11x11x13 c¢m) on an ele-
vated mesh (for acetone and von Frey tests) (NIH Section
on Instrumentation) or a glass platform heated to 30°C
(for the heat test).

von Frey

Withdrawal thresholds to tactile stimulation, defined as
paw withdrawal followed by a brief shake or lick of the
paw, were measured using graded monofilaments (North
Coast Medical, Inc. San Jose, CA) after animals were
habituated to the testing chamber and room for 3 h, as
previously described [49]. Starting with the smallest
filament, the tip was pressed against the plantar area of
the hind paw until it bent at 30° for approximately one
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second. The procedure was repeated five times per fila-
ment. The filament that elicited paw withdrawal at least
three out of five times was recorded as the mechanical
threshold for that trial. The average of three trials was
considered the mechanical threshold of the paw tested.

Acetone test

Cold sensitivity was assessed using the acetone evapo-
rative test [50], adapted to test mice. An acetone drop
was briefly applied to the plantar region of the hind paw
and nocifensive responses were scored using a modified
scoring system previously described [49, 51]. The scor-
ing system ranges from 0 to 2, indicating the following:
0=no reaction or an immediate transient lifting or shak-
ing of the hind paw that subsides immediately, 1 =lifting,
licking, and/or shaking of the hind paw, which continues
beyond the initial application, but subsides within 5 s,
and 2= protracted, repeated lifting, licking, and/or shak-
ing of the hind paw. The response to acetone application
was observed for approximately one minute and scored.
The average of three stimulations per hind paw repre-
sents the score of the paw tested.

Hargreaves test

The Hargreaves test was used to assess sensitivity to
heat, as previously reported [49]. Animals were habitu-
ated for one hour in ventilated testing chambers placed
on a heated glass surface (30°C). Paw withdrawal laten-
cies were measured after stimulating the hind paw with
a heat light aimed at the center of the plantar surface
using an active intensity of 25 (intensity of light source
defined by the manufacturer; IITC Life Science, Wood-
land Hills, CA). Three to five stimulations per hind paw
were logged, and the average was reported.

Drugs

The tobacco cembranoid (1S,2E,4R,6R,7E,11E)-2,7,11-
cembratriene-4,6-diol (4R) was obtained from El
Sayed Research Foundation; University of Louisiana—
Monroe, College of Pharmacy and prepared as previ-
ously described [52]. The purity of the batch used for
these experiments was more than 98%, determined by
Nuclear Magnetic Resonance (NMR) spectroscopy and
thin layer chromatography (TLC). 4R was dissolved in
dimethyl sulfoxide (DMSO) (D2650; Sigma Aldrich)
to make a stock solution with a final concentration of
20 mM. The selective antagonist MLA (1029; Tocris)
was dissolved in saline to make a 10 mM stock solu-
tion. A 2.5 mM 4R solution was made from the 4R
(20 mM) stock solution to produce the lowest 4R dose
injected (1 mg/kg body weight). In all experiments,
mice were tested in cohorts of 6 and always included at
least one animal per dose. Individual doses per animal
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were calculated based on body weight. All syringes in
a cohort were brought to the same final volume with
DMSO as part of the blinding process for testing. The
range of injected volumes used was 56 — 70 pL.

Samples origin for histology

Mice were injected with CFA on the right hind paw
seven days before collecting the samples. 24 h after
CFA injection, mice were treated with 4R (15 mg/kg) or
vehicle (DMSO) by a single s.c. injection. On day eight
after the CFA injection, mice were anesthetized with
1.25% Avertin (2,2,2-tribromoethanol and tert-amyl
alcohol in 0.9% NaCl; 0.025 ml/g body weight) followed
by transcardial perfusion with 37 °C 0.9% NaCl to clear
the blood and 100 ml of ice-cold 4% paraformaldehyde
(Sigma, 158127) made in 1 X phosphate-buffered saline
(PBS) (pH=7.4+0.05) (4% PFA/PB). After transcardial
perfusion, the left (uninjected) and right (injected) hind
paws were removed by cutting the tibia and fibula half-
way between the knee and ankle joints. Collected sam-
ples were post-fixed with 4% PFA/PB overnight at 4°C
and sent to Histoserv Inc. (Germantown, MD) the next
day for histological processing. After mild decalcifica-
tion for 3.5 weeks, hind paws were embedded in par-
affin blocks and a total of three 10-pm cross-sectional
cuts of the foot pad were collected per hind paw at the
site of intraplantar injection and fixed to glass slides
for subsequent staining. Two of these sections were
collected 20 pm apart and the third one was collected
100 um apart.

H&E staining and Iba1 immunofluorescence

One of the collected cross-sectioned cuts of the hind
paws foot pad was stained with hematoxylin and eosin
(H&E) by Histoserv (Germantown, MD). The other two
sections, separated by 100 pm, were used for immu-
nostaining Histoserv (Germantown, MD). Slides were
air-dried, fixed for 2 min in neutral buffered forma-
lin with methanol, and air-dried again. 5% normal goat
serum (NGS) with 0.5% bovine serum albumin (BSA) and
0.1% Triton X-100 was used for blocking solution. Sec-
tions were incubated overnight at 4 °C in rabbit anti-ion-
ized calcium-binding adaptor molecule 1 (Ibal) (1:2000;
019-19741; Fyjifilm Wako Pure Chemical Corporation)
diluted in 1.5% NGS, 0.5% BSA, and 0.1% Triton X-100.
Sections then were incubated in secondary antibody
tagged with fluorophore Alexa Fluor 647-conjugated
goat anti-rabbit (1:100, Invitrogen, A21244). Finally,
slides were wet mounted using Prolong Gold with DAPI
(P36931, Invitrogen) and a coverslip, air dried, and the
edges were sealed.
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Tissue collection and cell isolation for flow cytometry

On day 8, mice were deeply anesthetized using isoflu-
rane and euthanized via decapitation. Ipsi- and contralat-
eral hind paws were collected for flow cytometry. The
whole foot was removed at the ankle joint, and plantar
skin (including the subdermal layer) from the foot pad
was dissected into ice-cold sterile 1xDPBS (Hyclone,
SH30028) before downstream processing. Fresh skin
samples were centrifuged at 400 X g for 3 min, and super-
natants were removed and treated with a mix of Col-
lagenase A (Sigma, 10103586001) and Collagenase D
(Sigma, 1188866001) with 10% v/v of papain (Roche,
10108014001) in HBSS (Gibco, 14170-112) for 90 min,
with vortexing every 30 min. Cells were centrifuged at
400x g, and the pellet was resuspended in Enzyme T
(Sigma, 10109886001) (soybean trypsin inhibitor made
in 1:1 bovine serum albumin and DMEM/F12 media
(Thermo-Fisher, 10565161) supplemented with 10% fetal
bovine serum (FBS) (Hyclone, SH30088.03) and 1% pen/
strep (Sigma, P4333)) to stop the enzymatic reaction.
Digested tissues were triturated using a 1 mL pipette tip
and passed through a 70-um nylon mesh cell strainer
(Sigma, CLS431751-50EA), with a subsequent wash
using flow buffer (0.5% bovine serum albumin with 0.02%
glucose (Sigma, G7528) made in 1 X DPBS). The resultant
suspension was further processed for flow cytometry (see
details below).

Flow cytometry

Freshly dissociated paw skin cells from plantar skin
were suspended in ice-cold sterile 1 X DPBS and centri-
fuged at 400x g for 3 min. The cells were resuspended
in flow buffer (0.5% bovine serum albumin with 0.02%
glucose (Sigma, G7528) made in 1xDPBS), with block-
ing antibody (anti-CD16/32 purified (1:2000) (eBio-
science, 16016185)) for 20 min to block Fc receptors.
Samples were then incubated with pre-conjugated extra-
cellular flow antibodies, F4/80 (BioLegend 123141) and
CD3 (eBioscience, 56003282) for 45 min. Samples were
washed with flow buffer, centrifuged at 400X g for 3 min,
and resuspended in a DAPI wash for 5 min. Samples were
centrifuged at 400 x g for 3 min, washed twice using flow
buffer, and resuspended in flow buffer. Appropriate com-
pensation controls and isotypes were used for determi-
nation and gating. After gating DAPI-positive cells (to
determine debris), a7'T (tdTomato* cre driven nAChRs)
cells were gated to determine the overlap with F4/80
and CD3. Stained samples were analyzed using a Special
Order (4-laser) Becton—Dickinson Fortessa analyzer (Red
Oaks, CA), and data were analyzed using FlowJo and FCS
Express software (De NoVo Software, Los Angeles, CA).
Experimenters were blinded to sex and treatments.
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Data analysis and statistics

Data are expressed as mean + standard error of the mean
(S.E.M.). Statistical analyses were performed using Prism
(v. 9, GraphPad Software Inc., La Jolla, CA, U.S.A.). Nor-
mality was assessed in all data sets using the Kolmogo-
rov—Smirnov test. For normally distributed data, paired
t-test was used to compare the means of two dependent
groups with one variable, two-way analysis of variance
(ANOVA) test was used to compare the means of two
or more independent groups with two independent vari-
ables, and repeated measures two-way ANOVA was used
for complete data sets to compare two or more depend-
ent groups with two independent variables. Sidak’s,
Tukey’s, or Dunnett’s posthoc multiple comparison tests
were used for independent comparisons of selected data,
for comparing between groups, and to compare experi-
mental groups to a single control group, respectively. For
non-normally distributed data with four independent
groups and one variable, we used the Kruskal-Wallis test
followed by Dunn’s posthoc multiple comparison test for
independent comparison of selected data. For categori-
cal type of data, we employed non-parametric Wilcoxon
matched-pairs signed rank test to compare two depend-
ent groups with one variable, non-parametric Mann—
Whitney multiple comparisons test, corrected with
the Holm-Siddk method, to compare two independent
groups with two independent variables, and the non-par-
ametric Kruskal-Wallis test followed by Dunn’s posthoc
multiple comparisons test to compare four dependent
groups with one variable. P-values < 0.05 were recognized
as significant. See Table 1 for a detailed description of
statistics.

Results

Systemic administration of 4R tobacco cembranoid
reduces inflammation-induced peripheral hypersensitivity
in male mice

The CFA mouse model of persistent inflammatory pain
was used to test the hypothesis that systemic administra-
tion of 4R tobacco cembranoid decreases inflammation-
induced peripheral hypersensitivity. CFA injection in the
paw has been shown to cause swelling and hypersensitiv-
ity to cold, heat, and tactile stimuli [53, 54]. The potential
antinociceptive effects of systemic administration of 4R
on cold, heat, and tactile sensitivity in the CFA-injected
and uninjected hind paws were measured at different
time points (pre-drug, and 2-5 h, day 2, day 8 after 4R
or vehicle administration) using acetone, Hargreaves, and
von Frey test, respectively (Fig. 1a-e). Three doses of 4R
(1, 6, and 15 mg/kg by body weight) or vehicle, injected
subcutaneously one day after the CFA injection, were
evaluated (Fig. 1b).
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Consistent with previous reports [53, 55], subcu-
taneous injection of CFA into the hind paw induced
hypersensitivity to cold, heat, and tactile stimuli in the
injected paw, compared to the uninjected hind paw
(Fig. 1c-e). Thus, prior to 4R treatment (pre-drug condi-
tion), the response score to acetone paw stimulation was
significantly (p<0.001) higher (Fig. 1c), and the with-
drawal latencies to heat stimulation were significantly
(p<0.0001) shorter (Fig. 1d) in CFA-treated hind paws,
compared to the untreated hind paws. Similarly, paw
withdrawal thresholds in response to tactile stimulation
were significantly (» <0.0001) lower in the CFA-injected
paw compared to the uninjected hind paw (Fig. le). As
expected, CFA-induced persistent hypersensitivity to
cold, heat, and tactile stimulation was observed in the
injected hind paws of control mice (systemically treated
with vehicle) for 8 days after CFA injection.

As illustrated in Fig. 1lc-e, a single injection of 4R
reduces CFA-induced hypersensitivity in a dose and
time-dependent manner. Following the administration of
the lowest dose of 4R (1 mg/kg), for example, a significant
(p<0.01) decrease in response scores to acetone stimula-
tion was observed in the CFA-injected paw 2-5 h after
4R treatment compared to vehicle-treated mice (Fig. 1c).
However, the effect of a single injection of 4R (1 mg/kg)
in cold hypersensitivity,

was transient as responses in 4R-treated animals were
indistinguishable from control vehicle-treated mice when
tested on days 2 and 7 after 4R treatment. In contrast
to the transient effects observed after administration
of the lowest dose of 4R, the highest dose of 4R tested
(15 mg/kg) resulted in long-lasting decreases in CFA-
induced cold hypersensitivity, manifested as significantly
(p<0.0001) lower response scores to acetone stimula-
tion of the injected paw, compared to response scores in
vehicle-treated mice, in all time-points, tested (Fig. 1c).
Administration of 4R at 6 mg/kg of weight resulted in
significant (p <0.001) decreases in response scores to ace-
tone stimulation in the CFA-treated hind paw 2-5 h and
on day 7 after the single injection of 4R but not on day 2
after treatment. Further analysis revealed that responses
to cold stimulation of the injected paw at maximum anal-
gesia (observed 7 days after a single dose of 4R 15 mg/kg)
are significantly (p<0.01) higher than responses in the
uninjected control paw (Fig. 1c), demonstrating that 4R
treatment partially reverses CFA-induced cold allodynia.

Evaluation of CFA-induced hypersensitivity to heat
stimuli revealed that 4R also decreases heat hypersen-
sitivity in the inflamed paw in a time and dose-depend-
ent manner (Fig. 1d). Compared to vehicle-treated
animals, mice treated with the lowest 4R dose (1 mg/
kg), displayed a significant (p<0.01) increase in paw
withdrawal latency in response to heat stimulation
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(less hypersensitivity) of the CFA-injected paw on day
8 (Fig. 1d). At this dose, no effect on CFA-induced
thermal hypersensitivity was observed 2-5 h or day 2
after 4R treatment (Fig. 1d). In contrast, administration
of the highest dose of 4R (15 mg/kg) showed strong
anti-hyperalgesic effects in response to heat stimula-
tion of the injected paw 2-5 h and day 8 (p<0.0001),
but not on day 2 after 4R treatment. Furthermore, mice
treated with 4R at 6 mg/kg of body weight displayed
time-dependent anti-hyperalgesic effects with increas-
ing paw withdrawal latency (less hypersensitivity) com-
pared to vehicle-treated animals as time after treatment
progressed. Additional analysis showed no significant
differences (p>0.05) in responses to heat stimulation
between the uninjected control paw and 4R 6 mg/kg or
15 mg/kg treated CFA-injected paw on day 8 (Fig. 1d).
In contrast, paw withdrawal latencies were significantly
(<0.0001) lower 2-5 h after 4R treatment (6 mg/kg
and 15 mg/kg) and on day 2 after 4R (6 mg/kg), when
compared to the uninjected control paw (Fig. 1d). These
results demonstrate that CFA-induced heat hypersensi-
tivity is reversed 8 days after a single dose of 4R treat-
ment (6 mg/kg and 15 mg/kg), but it is only partially
reversed by the 1 mg/kg dose at this time-point or after
any dose (6 mg/kg and 15 mg/kg) at earlier time-points
(2-5 h and day 2).

Lastly, analysis of inflammation-induced hyper-
sensitivity to tactile stimulation revealed a small but
statistically significant (p <0.05) increase (less hyper-
sensitivity) in paw withdrawal thresholds in the CFA-
injected paw 2-5 h after 4R (1 mg/kg and 15 mg/kg)
treatment and 2 days after 4R (1 mg/kg and 6 mg/kg)
administration when compared to vehicle-treated
mice (Fig. 1le). When compared to the uninjected con-
trol paw, paw withdrawal thresholds were significantly
(p<0.0001) lower (more hypersensitive) at all time-
points and 4R doses evaluated (Fig. le). These results
indicate that 4R-treated mice are still clearly allodynic,
even though there is a very small improvement in their
von Frey thresholds.

Notably, measurement of responses to cold, heat, and
tactile stimulation of the uninjured hind paw showed that
responses in all modalities are indistinguishable in vehi-
cle- and 4R-treated mice throughout the duration of the
experiment and independent of the dose tested. These
results are significant as they indicate that baseline noci-
ception (in the absence of inflammation) and locomo-
tor responses to peripheral stimuli are unaffected by 4R
systemic treatment (Fig. 1c-e). Collectively, these results
demonstrate that a single systemic administration of 4R
decreases inflammation-induced peripheral hypersen-
sitivity without affecting baseline responses in the unin-
jured paw.
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Systemic 4R administration reduces inflammation-induced
thermal but not tactile hypersensitivity in female mice

Previous studies report sex-related mechanistic dif-
ferences in rodent inflammatory processes that influ-
ence nociception and hyperalgesia [56—60]. These
findings stress the importance of studying male and
female subjects in preclinical pain studies. In line with
this, the next set of experiments aimed to determine
whether the 4R anti-hyperalgesic effects described
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above in males are also observed in females using the
same experimental approach (Fig. 2a). As illustrated in
Fig. 2b-g, evaluation of the responses to acetone, Har-
greaves, and von Frey tests showed that female control
mice display cold, heat, and tactile hypersensitivity in
CFA-injected paws compared to their respective unin-
jected paws on days 2 and 7 after systemic vehicle treat-
ment. Thus, response scores to acetone stimulation
were significantly (p <0.01) higher in CFA-injected hind

postdrug
a. CFApawinjection 'day 4R/veh s.c. cold, heat & tactile tests
(day 0) injection (days 2 and 7)
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Fig. 2 Systemic 4R administration reduces inflammation-induced thermal but not tactile hypersensitivity in female mice (a) Experimental timeline
for acetone (cold), Hargreaves (heat) and von Frey (tactile) tests in CFA-injected and uninjected hind paws at days 2 and 7 after 4R (15 mg/kg)

or vehicle administration in females. Acetone response score (b, e), withdrawal latency to heat stimulation (¢, f) and withdrawal threshold to tactile
stimulation (d, g) on experimental days 2 and 7, respectively. All values are expressed as mean + SEM. n=6 animals per treatment and test. Two-way
ANOVA followed by Sidak’s multiple comparison test; p<0.01 (**); p<0.001 (***); p<0.0001 (****) or Tukey's multiple comparisons test; adjusted
p<0.0001 (§55§5). Mann-Whitney multiple comparisons test, Holm-Sidak method; adjusted p < 0.05 (#); adjusted p < 0.01 (##). Not significant=ns



Rivera-Garcia et al. Journal of Inflammation (2024) 21:2

paws than in the uninjected hind paws (Fig. 2b, e). Sim-
ilarly, paw withdrawal latencies and thresholds to heat
and tactile stimulation of the CFA-injected paw were
significantly (p<0.0001) shorter and lower, respec-
tively, than those measured in the uninjected hind paws
(Fig. 2¢, d, f, and g).

To investigate the potential effects of 4R in females,
we used the 15 mg/kg dose, which consistently reduced
inflammation-induced hyperalgesia in males (Fig. 1).
These behavioral experiments revealed that a single s.c.
injection of 4R (15 mg/kg) in female mice significantly
(p<0.01) decreases CFA-induced cold and heat hyper-
sensitivity compared to animals treated with the vehicle
on both days 2 and 7 after systemic treatment (Fig. 2b-
¢, e—f). Thus, on both days tested, response scores to
acetone were significantly (p<0.05) lower in the CFA-
injected paw of 4R-treated mice than in the injected paws
of the vehicle-treated group (Fig. 2b, e). Similarly, paw
withdrawal latencies to heat stimulation of the injected
paw on both days were significantly (p<0.01) longer
in 4R-treated mice than in those treated with vehicle
(Fig. 2¢, ). Similar to what we observed in males (Fig. 1c-
d), CFA-induced heat hypersensitivity was reversed
7 days after a single dose of 4R treatment (15 mg/kg).
Thus, there were no significant differences (p>0.05) in
responses to heat stimulation between the uninjected
control paw, and CFA-injected paw 7 days after 4R
(15 mg/kg) treatment (Fig. 2f). In contrast, but also con-
sistent with the male results (Fig. 1c-d), heat hypersensi-
tivity was only partially reversed 2 days after 4R (15 mg/
kg) systemic treatment and cold hypersensitivity was par-
tially reversed at all time-points tested in females. Thus,
responses to cold stimulation in the CFA-injected paw
were significantly (p<0.05) higher on days 2 and 7, and
responses to heat stimulation were significantly lower on
day 2, after 4R (15 mg/kg) treatment, when compared to
the uninjected paw in vehicle condition at the same time-
points (Fig. 2b-c, e). In both days tested, sensitivity to
cold and heat stimulation of the uninjected hind paw was
indistinguishable between vehicle and 4R treated groups.

(See figure on next page.)
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Evaluation of CFA-induced tactile hypersensitivity in
female mice showed that, unlike in males, withdrawal
thresholds are comparable in the injected paws of 4R and
vehicle-treated mice in both time points evaluated, dem-
onstrating that tactile hypersensitivity is unaltered by 4R
treatment (Fig. 2d, g). Similar to the male results, paw
withdrawal thresholds in the uninjected hind paws are
also indistinguishable in 4R and vehicle-treated female
mice, demonstrating that baseline nociception and loco-
motor responses to peripheral stimuli are unaltered by
4R treatment. Altogether, these findings show that single
systemic administration of 4R (15 mg/kg) reduces inflam-
mation-induced thermal but not tactile hypersensitivity
in female mice without altering baseline responses.

4R reduces inflammation-induced paw edema in male

but not female mice

Previous studies have shown that systemic treatment
with 4R has anti-inflammatory effects in the lipopoly-
saccharide model of inflammation in mice [61]. To test
if the 4R anti-hyperalgesic effects described in the sec-
tions above are coupled to decreases in inflammation,
we evaluated paw thickness as an indirect measure-
ment of inflammation in CFA-injected and uninjected
hind paws before and at different time points follow-
ing the systemic administration of various doses of 4R
(1, 6 or 15 mg/kg by body weight) or vehicle (Fig. 3a).
As shown in Fig. 3b-c, subcutaneous injection of CFA
in the hind paw of control male and female mice (sys-
temically treated with vehicle) resulted in signifi-
cant (p<0.0001) increases in paw thickness (edema)
when compared to their respective uninjected hind
paws for the duration of the experiment. Evaluation of
paw edema in male mice systemically treated with 4R
revealed that a single administration of 4R attenuates
inflammation-induced paw edema in a dose and time-
dependent manner (Fig. 3b). Thus, male mice treated
with the highest (15 mg/kg) and intermediate (6 mg/kg)
doses of 4R showed significant (p <0.05) reduc-
tions in paw thickness compared to vehicle-treated

Fig. 3 4R reduces inflammation-induced paw edema in male but not female mice (a) Experimental timeline for paw thickness measurements.

In vivo thickness measurements of CFA-injected and non-injected hind paws before and 1-8 days after 4R (1, 6, and 15 mg/kg) or vehicle systemic
administration of (b) male and (c) female mice. All values are expressed as mean + SEM. n=6-16 animals per treatment and sex. Two-way ANOVA
(b) or Two-way RM ANOVA (c) followed by posthoc Tukey's multiple comparisons test: CFA-injected paw vs non-injected paw in pre-drug vehicle
(veh) conditions, p < 0.0001 (####); 4R CFA-injected paw vs non-injected vehicle conditions day 7, p <0.0001 (§5§§), Two-way ANOVA followed

by posthoc Dunnett’s multiple comparisons test: vehicle vs 4R systemic treatment in CFA-injected paws of the same time-point, p <0.05 (¥), p<0.01
(**)and p<0.001 (***). Results of multiple comparisons between vehicle (veh) and 4R 1 mg/kg, 6 mg/kg or 15 mg/kg are shown in purple, teal
and orange asterisks, respectively. (d) Experimental timeline for histology samples. e Representative H&E images of dermal (D) and subdermal (S)
skin, open arrows point to polymorphonuclear immune cell infiltration. Scale Bar: 200 um. Histological analysis of hind paw skin 8 days post local
CFA and 7 days post 4R (f) glabrous skin thickness of the hind paws and (g) subdermal immune cell count. All values are expressed as mean + SEM.
n=>5-6 mice per treatment and sex. Two-way ANOVA followed by Sidék's multiple comparisons test: Vehicle vs 4R, p < 0.05 (*), p<0.01 (*¥)
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mice. 4R-mediated decreases in CFA-induced paw
edema were first observed on day 2 after systemic 4R
treatment and lasted for the duration of the experi-
ment (8 days post 4R treatment). In contrast, paw
thickness in CFA-injected hind paws of males treated
with the lowest dose (1 mg/kg) of 4R was indistinguish-
able from those measured in vehicle-treated mice at all
time points tested. Further analysis showed that paw
thickness at the maximum anti-inflammatory effect,
measured 7 days after a single dose of 4R (6 mg/kg),
is significantly (p<0.0001) higher in the CFA-injected
paw, when compared to the uninjected control paw
(Fig. 3b), demonstrating that 4R treatment partially
reverses the inflammation caused by CFA injection.
Importantly, paw thickness in uninjected hind paws
were comparable in all treatments independently of
dose or time-point, demonstrating that 4R-mediated
decreases in paw thickness are specific to the inflamed
hind paw.

Parallel experiments were performed to test if
4R-mediated decreases in inflammation-induced paw
edema were also observed in female mice. Similar to male
mice, female mice also developed paw edema after CFA
injection that lasted for the duration of the experiment
when compared to the uninjected hind paws (p <0.0001)
(Fig. 3c). In marked contrast to the results observed
in male mice, however, measurement of CFA-induced
paw edema in females after systemic treatment with 4R
(15 mg/kg by body weight) were indistinguishable from
those in females treated with the vehicle at all time points
measured. These results demonstrate that systemic
administration of 4R (15 mg/kg by body weight) reduces
inflammation-induced paw edema in male but not female
mice.

We used a histological approach to further investi-
gate how systemic 4R treatment (15 mg/kg) influenced
glabrous skin thickness after CFA injection on day 8
(7 days post-4R treatment) (Fig. 3d-e). Similar to previ-
ous studies, there is a robust increase in glabrous skin
thickness at 8d post-CFA injection in male and female
mice. However, our findings reveal that a single dose of
4R treatment resulted in a significant (p<0.05) reduc-
tion in CFA-induced glabrous skin thickness independ-
ent of sex (Fig. 3f). In addition to the presence of edema,
another hallmark feature of inflammation is a robust
increase in immune cell infiltration into the local site of
injury. We observed robust subdermal cell counts in the
male CFA-injected group. Intervention with systemic 4R
1 day post-CFA injection led to a significant reduction
in subdermal cell count in males suggesting an attenua-
tion to the CFA-induced inflammation (Fig. 3g). Evaluat-
ing the effect of 4R on immune cell infiltration in female
mice showed that the reduction in subdermal cell count
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occurred independently of 4R treatment revealing that
there may be sex-driven differences in the way immune
cells respond to 4R treatment (Fig. 3g).

Pretreatment with an a7 nAChRs selective antagonist
prevents 4R-induced reductions in inflammation-induced
hypersensitivity and paw edema
Previous studies have shown that 4R modulates human
nicotinic acetylcholine receptors (nAChRs) [15]. Separate
studies have further identified nAChRs, particularly the
a7 nAChRs, as potential pharmacological targets for the
modulation of pain and inflammation [6, 62, 63]. Based
on these combined findings, we hypothesized that the
observed 4R-induced decreases in inflammation-induced
hypersensitivity and paw edema in mice are mediated via
modulation of a7 nAChRs. To test this hypothesis, the a7
nAChRs selective antagonist MLA (10 mg/kg, s.c.) was
administered 15 min prior to 4R injection (15 mg/kg, s.c.)
in male mice (Fig. 4a). CFA-induced cold and heat hyper-
sensitivity were measured on days 7 and 8 after systemic
injections, respectively, corresponding to the time points
where we observed higher 4R-mediated anti-hyperalgesic
and anti-inflammatory effects (Figs. 1, 2 and 3).
Consistent with the results presented in Fig. 1, animals
treated with 4R (15 mg/kg) exhibited lower response
scores to acetone stimulation and longer paw withdrawal
latencies in response to heat stimulation of the CFA-
injected paw compared to vehicle-treated animals, indi-
cating that 4R reduces inflammation-induced cold and
heat hypersensitivity (Fig. 4b-c). Evaluation of animals
pre-treated with the a7 nAChRs selective antagonist MLA
(10 mg/kg) revealed that MLA pretreatment prevents the
anti-hyperalgesic effects of 4R (Fig. 4b-c). Consequently,
mice systemically treated with MLA prior to 4R show
significantly (p<0.01) higher response scores to acetone
stimulation (Fig. 4b) and significantly (p<0.01) shorter
paw withdrawal latencies in response to heat stimulation
(Fig. 4c) of the CFA-injected paw compared with responses
measured in animals pre-treated with MLA vehicle fol-
lowed by 4R. Analysis of CFA-induced paw edema further
revealed that, consistent with the results shown in Fig. 3b,
a single injection of 4R (15 mg/kg) significantly (p <0.05)
reduced CFA-induced paw edema starting at day 2 post 4R
treatment when compared to vehicle-injected male mice
(Fig. 4d). Pretreatment with MLA (10 mg/kg) prevented
the 4R-mediated reductions in paw thickness at days 7
and 8 after treatment. Importantly, CFA-induced ther-
mal hypersensitivity and paw edema were not measurably
affected by administration of MLA in the absence of 4R
compared to vehicle-treated mice, demonstrating that sys-
temic administration of the a7 nAChRs selective antago-
nist MLA does not measurably affect responses to cold or
heat stimulation or CFA-induced paw edema (Fig. 4b-d).
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Fig. 4 Pretreatment with an a7 nAChRs selective antagonist prevents 4R-induced reductions in inflammation-induced hypersensitivity and paw
edema (a) Experimental timeline. CFA-injected and non-injected paw thickness measurements were taken in pre-drug condition. One day after CFA
paw injection, MLA (10 mg/kg) or vehicle (veh) was systemically administered and 15 min after, animals received 4R (15 mg/kg) or veh treatment
(s.c.). CFA-injected and non-injected paw thickness was measured 1-8 days after 4R (15 mg/kg), MLA (10 mg/kg) or vehicle administration. Acetone
(cold) and Hargreaves (heat) tests in CFA-injected and non-injected hind paws were performed 7-8 days after systemic drug administration.

(b, €) Acetone response scores (b) and paw withdrawal latencies in response to heat stimulation (c); Kruskal-Wallis test followed by posthoc

Dunn’s multiple comparison test; saline +4R vs. MLA+4R; p <0.01 (##); saline + DMSO vs. MLA 4+ DMSO, p > 0.05, not significant (ns). (d) Thickness
measurements of CFA-injected and non-injected hind paws; Two-way RM ANOVA followed by posthoc Tukey’s multiple comparisons test:
CFA-injected paw vs uninjected paw in pre-drug veh conditions, p < 0.0001 (####). Two-way RM ANOVA followed by posthoc Tukey’s multiple
comparisons test: CFA-injected paws in saline + DMSO vs saline +4R systemic treatments and MLA +4R vs saline +4R at the same time-point,
p<0.05 (*), p<0.01 (**¥). All values are expressed as mean+SEM. n=6 animals per treatment and test

Collectively, these results demonstrate that 4R-induced
reductions in inflammation-induced hypersensitivity and
paw edema are mediated by positive modulation of a7
nicotinic acetylcholine receptors.

a7 nAChRs are expressed on a subset of subdermal
macrophages but are not upregulated after CFA or 4R
treatment

Due to the previously described role of macrophages in
the innate immune responses [64—66], we hypothesized

that a7 nAChRs * macrophages might play a role in anal-
gesia and resolving inflammation and are modulated
after 4R treatment in Ibal* macrophages. However, when
colocalizing a7'9T* and Ibal* cells, we found no signifi-
cant changes to normalized cell count in the subdermal
region of the hind paw at day 8 post-CFA (Fig. 5a-e). We
also wanted to determine if a7*"nAChRs overlapped
with CD3" T-cells and F4/80" macrophages in whole
skin and performed flow cytometry on dissociated
hind paw skin from CFA-treated (ipsi) and non-treated
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(contra) male and female animals. Similar to the above
IHC experiment, we did not observe a significant change
in a7'9T™* cells after CFA but found roughly 7% of disso-
ciated cells were a7'T* and close to 20% of these cells
are F4/80% macrophages and 10% are CD3" T-cells
(Fig. 5f-h).

Discussion

The link between tobacco and pain has been known for
decades [3]. However, its potential to treat pain is hin-
dered by the harmful and highly addictive properties
associated with tobacco use. The potential function of
other components of the tobacco plant for pain treat-
ment is understudied. In the present study, we investi-
gated whether systemic administration of the 4R tobacco
cembranoid results in anti-inflammatory effects and
pain relief in a mouse model of inflammatory pain. Our
findings demonstrate that systemic administration of 4R
reduces peripheral hyperalgesia in both male and female
mice. We further show that 4R reduces inflammation-
induced paw edema and hind paw subdermal immune
cell infiltration in males but not females, supporting the
growing body of evidence demonstrating that modu-
lation of pain and inflammatory responses is sexually
dimorphic [57, 58, 60, 67]. Notably, our experiments
demonstrate that 4R-mediated analgesia and anti-inflam-
matory effects last up to 8d after a single systemic admin-
istration, highlighting its potential therapeutical use in
reducing persistent inflammation and pain. Lastly, using
a pharmacological approach, our behavioral experiments
show that 4R-mediated reductions in peripheral hyper-
algesia and inflammation-induced paw edema are driven
by the modulation of nicotinic receptors, particularly
the a7 nAChRs. Altogether, our findings identify the 4R
tobacco cembranoid as an analgesic and anti-inflamma-
tory agent and further support targeting the cholinergic
system for pain and inflammation treatment.

4R-mediated anti-hyperalgesic and anti-inflammatory
effects are sexually dimorphic

Our behavioral experiments using the CFA model
of inflammatory pain show that a single systemic

(See figure on next page.)
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administration of 4R reduces inflammation-induced heat
hypersensitivity in both male and female mice (Figs. 1d
and 2c). However, we also show that 4R-mediated reduc-
tions in inflammation-induced tactile and cold hyper-
sensitivity, albeit modest, are only observed in males but
not females, despite the robust inflammation-induced
hypersensitivity seen in both sexes (Figs. 1c, e and 2b, d).
Similarly, systemic treatment with 4R results in reduc-
tions in inflammation-induced paw edema in males but
has no effect in females despite the robust inflammation-
induced paw edema elicited in both sexes (Fig. 3). Col-
lectively, these results demonstrate that 4R-mediated
anti-hyperalgesic and anti-inflammatory effects are sexu-
ally dimorphic, increasing the evidence in support of dis-
tinct mechanisms for inflammation and pain processing
in males and females [57, 58, 60] and stressing the impor-
tance of incorporating both sexes in preclinical studies.

An important caveat of our studies is that we only eval-
uated one 4R dose (15 mg/kg) in females, whereas a full
dose response was performed in male mice. We selected
this dose for the female experiments because it consist-
ently reduced inflammation-induced hyperalgesia and
paw edema in males. This concern is mitigated by the
similarities in the 4R-mediated anti-hyperalgesic effects
observed in males and females. It suggests that the lack
of measurable effect in paw edema in females is not due
to the experimental dose selected. Given that previous
studies evaluating the pharmacokinetics and metabolism
of 4R in vivo have only been performed in male rats [45],
future experiments to address potential sex differences in
4R drug activity are needed.

Anti-hyperalgesic and anti-inflammatory effects

after a single systemic dose of 4R are prolonged

Previous pharmacokinetic and metabolic experiments
have shown that the half-life of 4R, when administered
systemically in rats, is between 36 min to 1.5 h [45]. These
studies further showed no measurable plasma (or brain)
levels of 4R 8 h post-administration. Consistent with the
reported pharmacokinetics of 4R, our behavioral experi-
ments show 4R-mediated anti-hyperalgesic effects 2.5 h
after a single systemic 4R administration (Fig. 1). Notably,

Fig. 5 a7 nAChRs expression in hind paw macrophages (a) Experimental Timeline. Immunohistochemistry of a7'%/Iba1* macrophages

in CFA-injected and non-injected hind paw skin (subdermal) 8 days post-CFA (day 0) and 7 days post 4R (15 mg/kg) or veh treatment (s.c.) (day
8). (b) A representative image of a7'9" and Iba1* hind paw subdermal co-expression. Scale bar: 20 um. ¢ Cell counts normalized to the area

of subdermal a7'" cells. (d) Cell counts normalized to the area of subdermal Iba1 +cells. (e) Cell counts normalized of colocalized a7

and Ibal1™. (f) Experimental Timeline. Flow cytometric analysis of hind paw subdermal macrophages (F4/80) and T-cells (CD3) of CFA-injected
(ipsi) and non-injected (contra) hind paw skin 8 days post-CFA only. (g) Hind paw skin was enzymatically dissociated and stained with F4/80,
CD3, and endogenous a7'". After gating for dissociated hind paw skin cells based on forward and side scatter, cells were differentiated by their
tdTomato* signal, then subdivided into F4/80 and CD3 populations. (h) Analysis of overlapping of tdTomato™ cells that are either macrophages

or T-cells in males and females
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however, our behavioral time course further showed that
4R anti-hyperalgesic effects are long-lasting, with robust
effects measured up to 8 days after administration of a
single dose of 4R (Figs. 1 and 2). These results show that
the behavioral effects of a single dose of 4R are persistent,
outlasting the half-life of 4R, and present at time points
when 4R is no longer measurably detected in the plasma
or brain [45] (Fig. 6).

It is important to note that 4R effects are restricted to
the inflamed paw, as no measurable effect was observed
in the uninflamed paw. These results highlight that 4R
treatment does not alter baseline sensory and locomotor
responses to noxious stimulation, an evolutionary func-
tion essential for survival. These findings are also consist-
ent with previous studies in rats that demonstrate that
locomotor activity is not affected by systemic 4R admin-
istration [15]. A significant translational consideration
in future studies is whether 4R produces dependence or
addiction, as has been reported with other commonly
used treatments for pain such as opioids [69]. This is par-
ticularly important given that 4R has been shown to bind
to and modulate a4f2 nAChRs [15, 28], which have been
previously linked to nicotine addiction [70, 71]. However,
these concerns are mitigated by studies demonstrating
that 4R reduces nicotine-induced withdrawal-like effects
in planarians [72] and blocks behavioral sensitization to
nicotine in rats [15]. Whether 4R treatment at the doses
and time-points used in the present study are rewarding
and potentially addictive, remains unknown and will be
important to determine in the future.

At the inflammatory level, our results show that
4R-mediated decreases in inflammation-induced paw
edema are delayed and not detected until 2 days post
systemic 4R treatment (Fig. 3), when 4R is no longer
detected in the body [45] (Fig. 6). Similar to the behavio-
ral effects, the anti-inflammatory effects of a single dose

max

® Peripheral hyperalgesia dQ

® Pharmacokinetics &

g

e Paw edema Q

4R effect

1 T 1
4L 2hrs 8hrs 2d 8d

injection Time after single administration of systemic 4R
Fig. 6 4R effects as a function of time. (@) Diagram of 4R effects
in males and females as a function of time. Effects on peripheral
hyperalgesia (red line) and paw edema (pink line for males

and purple line for females) are shown relative to previously
published pharmacokinetics [68] (blue line)
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of 4R are also persistent, with decreases in paw edema
measured up to 8 days after administration of a single
dose (Fig. 3). An important caveat of these experiments
is that paw edema is an indirect gross measurement
of inflammation and is limited by the sensitivity of the
assay. Therefore, experiments to determine the effects of
4R in inflammatory responses at microscopic, cellular,
and biochemical levels are warranted. Nonetheless, our
findings demonstrate that 4R-mediated anti-inflamma-
tory effects persist after the drug is eliminated from the
body.

Altogether, our experiments show that 4R anti-inflam-
matory and anti-hyperalgesic effects outlast drug dura-
tion in the body (Fig. 6), suggesting that 4R effects occur
via modulation of downstream signaling pathways. An
alternative explanation is that a single dose of 4R admin-
istered shortly after injury interferes with the inflamma-
tory response and subsequent development of persistent
inflammation and hypersensitivity. Potential effects in
central and/or peripheral nervous systems independent
of the inflammatory response are also possible. Whether
the anti-inflammatory and anti-hyperalgesic effects of 4R
depend on the timing of drug administration relative to
injury remains to be elucidated. Previous experiments
have shown, for example, that systemic 4R treatment
administered before and after brain injury in rats reduces
neuronal death and inflammation [25]. Thus, it will be
informative to know if systemic administration of 4R
prior to injury also prevents the development of periph-
eral inflammation and hypersensitivity in mice, which
could have important applications in preemptive analge-
sia. Determining the effects of 4R when administrated at
later time points following injury will also be necessary.
Lastly, longitudinal studies are also needed to determine
if 4R treatment results in faster injury-induced inflamma-
tion and hyperalgesia recovery.

4R reduces pain and inflammation via modulation of a7
nAChRs

Our experiments demonstrate that systemic administra-
tion of the tobacco cembranoid 4R reduces inflamma-
tion-induced hypersensitivity and paw edema (Figs. 1,
2 and 3). Using pharmacological approaches, we fur-
ther show that pretreatment with MLA, a selective a7
nAChRs antagonist, prevents 4R-mediated anti-hyper-
algesic and anti-inflammatory effects (Fig. 4). Together,
these results demonstrate that the anti-hyperalgesic and
anti-inflammatory effects of 4R are mediated via posi-
tive modulation of a7 nAChRs. Our findings are con-
sistent with a large body of literature demonstrating
that positive modulation of a7 nAChRs is analgesic and
anti-inflammatory [63]. Previous studies in animal pain
models, for example, have shown that pharmacological
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modulation of these receptors has anti-inflammatory,
anti-allodynic, and anti-hyperalgesic effects that have
also been associated with the downregulation of cytokine
levels and inflammatory pathways [48, 73, 74]. Moreo-
ver, past studies have demonstrated that a7 knockout
mice display increases in hyperalgesia, paw edema, and
allodynia compared to wild type mice in the CFA model
of inflammatory pain, while baseline responses to nox-
ious stimulation are comparable between a7 knockout
and wild type mice [55]. These findings suggest that a7
nAChRs contribute to an endogenous analgesic tone dur-
ing persistent inflammation.

a7 nAChRs are expressed on a subset of subdermal
macrophages but are not upregulated after CFA or 4R
treatment

Our findings show that the systemic administration of 4R
elicits a male-specific reduction of hind paw subdermal
immune cells, which parallels the reduction of edema
seen in males. This sexually dimorphic anti-inflammatory
effect of 4R adds to increasing evidence of the existence
of sex-specific mechanisms in pain and inflammation
[75]. It does not appear that local macrophages play a
role in the observable a7 nAChRs mediated anti-inflam-
matory effects. We were unable to observe a significant
change of a7'9T°ma/[bal™ colocalized cell populations
(Fig. 5a-e). This suggests there is another major cell pop-
ulation that is contributing to the attenuation of the CFA-
induced inflammatory pain model after 4R treatment. It
is known that other immune cells infiltrate the skin after
CFA treatment. In addition to the expression on mac-
rophages and T-cells, 7 nAChRs are also expressed on,
B-cells, neutrophils, mast cells [34, 76, 77]. Future stud-
ies are needed to evaluate the contribution of other a7
nAChRs-expressing immune cell types in 4R modulation
of pain-related behaviors and inflammation to further
our understanding of cellular mechanisms.

An important factor to consider in the interpretation of
our pharmacological experiments is that MLA has been
previously shown to bind, albeit to a much lower affinity,
to a9a10 nAChRs [78]. Given that the reported relative
affinity of MLA is much higher for a7 nAChRs than for
a9a10 nAChRs [78-81], it is most likely that the anti-
hyperalgesic and anti-inflammatory effects we see here
are mediated via modulation of a7 nAChRs.

The results from our in vivo pharmacological experi-
ments showing that 4R effects are mediated via a7
nAChRs, along with previous studies in vitro demon-
strating that 4R can also bind a4f2, a3p4, and alplyd
nAChRs [15, 28], confirm that 4R can modulate multi-
ple nicotinic receptors. It is important to note that, to
the best of our knowledge, 4R is not known to bind to
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or directly modulate a7 nAChRs. Future studies to
evaluate whether 4R binds to and directly modulates
a7 nAChRs are needed. Studies have shown, however,
that multiple cholinergic receptors are expressed in dif-
ferent tissues and cell types contributing to neuroim-
mune responses [82]. It is therefore possible that 4R
modulates a7 nAChRs via an indirect mechanism that
does not require direct binding to the receptor. For
example, 4R may bind to and modulate a different type
of cholinergic receptor within the endogenous cholin-
ergic anti-inflammatory pathway, which subsequently
leads to indirect modulation of a7 nAChRs, ultimately
decreasing inflammation and behavioral hypersensitiv-
ity. Determination of the relative affinity of 4R to dif-
ferent nicotinic receptors and further characterization
of the mechanism of action of 4R in distinct targets are
essential. Nonetheless, the beneficial effects of 4R treat-
ment presented here, along with the neuroprotective,
anti-tumor, anti-inflammatory, and antimicrobial effects
reported in previous studies [17, 19, 20, 23, 27, 28, 83]
suggest that 4R can non-selectively activate tissue and
pathological state-specific cell signaling cascades down-
stream from neural and/or immune nicotinic receptors,
improving diverse pathological states, including pain.
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