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Abstract

Introduction: Ingestion of nicotine by smoking, vaping, or other means elicits various effects
including reward, antinociception, and aversion due to irritation, bitter taste, and unpleasant side
effects such as nausea and dizziness.

Aims and Methods: Here we review the sensory effects of nicotine and the underlying neurobio-
logical processes.

Results and Conclusions: Nicotine elicits oral irritation and pain via the activation of neuronal
nicotinic acetylcholine receptors (nAChRs) expressed by trigeminal nociceptors. These nocicep-
tors excite neurons in the trigeminal subnucleus caudalis (Vc) and other brainstem regions in
a manner that is significantly reduced by the nAChR antagonist mecamylamine. Vc neurons are
excited by lingual application of nicotine and exhibit a progressive decline in firing to subsequent
applications, consistent with desensitization of peripheral sensory neurons and progressively
declining ratings of oral irritation in human psychophysical experiments. Nicotine also elicits a
nAChR-mediated bitter taste via excitation of gustatory afferents. Nicotine solutions are avoided
even when sweeteners are added. Studies employing oral self-administration have yielded mixed
results: Some studies show avoidance of nicotine while others report increased nicotine intake
over time, particularly in adolescents and females. Nicotine is consistently reported to increase
human pain threshold and tolerance levels. In animal studies, nicotine is antinociceptive when
delivered by inhalation of tobacco smoke or systemic infusion, intrathecally, and by intracranial
microinjection in the pedunculopontine tegmentum, ventrolateral periaqueductal gray, and rostral
ventromedial medulla. The antinociception is thought to be mediated by descending inhibition of
spinal nociceptive transmission. Menthol cross-desensitizes nicotine-evoked oral irritation, redu-
cing harshness that may account for its popularity as a flavor additive to tobacco products.
Implications: Nicotine activates brain systems underlying reward and antinociception, but at the
same time elicits aversive sensory effects including oral irritation and pain, bitter taste, and other
unpleasant side effects mediated largely by nicotinic acetylcholine receptors (nAChRs).This review
discusses the competing aversive and antinociceptive effects of nicotine and exposure to tobacco
smoke, and the underlying neurobiology. An improved understanding of the interacting effects of
nicotine will hopefully inform novel approaches to mitigate nicotine and tobacco use.

Introduction tobacco product, with 14% smoking cigarettes.> Although the usage
. . of tobacco products has been declining over the past 10 years, there
Smoking and the consumption of other types of tobacco products . . . . .
) - is increased incidence of vaping especially among adolescents, with
continues to be a source of preventable morbidity. In 2015, the WHO 27% of US high schoolers and 7% of middle schoolers reporting
estimated that 20.2% of the world population smoked tobacco.' In current use of tobacco products, and 21% of high schoolers vaping

2017, it was estimated that 19.3% of US adults used some type of within the past month.3
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Tobacco smoke contains nicotine as well as a variety of toxic and
carcinogenic substances including particulate matter, nitrosamines,
acrolein, formaldehyde and other aldehydes, and flavorants.* The
combusted liquid in electronic cigarettes also contains nicotine as
well as numerous toxicants.®

Nicotine is thought to be the main reinforcer in the addictive po-
tential of tobacco products, as evidenced by a lack of widespread use
of denicotinized cigarettes compared to those containing nicotine.® In
a double-blind study, never-smokers learned to distinguish between
post-ingestional effects of capsules containing nicotine versus pla-
cebo, and subsequently 50% chose to receive the nicotine-containing
capsule due to its positive affective effects.” This implies that nicotine
can be reinforcing even in tobacco-naive human subjects.

Often the first encounter with a tobacco product is unpleasant due
to the occurrence of dizziness, nausea, and other side effects; yet some
people still become addicted. This is generally true of many drugs of
abuse including cocaine and opioids that are plant neurotoxins having
evolved to deter herbivores, yet having rewarding effects in mammals
that lead to drug seeking: the paradox of drug reward.® The rewarding
effect of nicotine is thought to be due to its binding with nicotinic
acetylcholine receptors (nAChRs), particularly those containing o~ and
-subunits including o 4 § 2, o 3 B 4, and « 7. This leads to increased
dopamine release in brain reward circuits including the prefrontal
cortex, ventral striatum, and nucleus accumbuns (reviewed in 9).

Nicotine dependence is complex and not only involves the re-
ward circuitry, but also many other sensory and psychological
factors. This article will review the sensory properties of nicotine,
including its ability to elicit oral pain, irritation and bitter taste,
antinociception (pain reduction) and interactions with flavor addi-
tives, particularly menthol.

Nicotine Elicits Pain and Oral Irritation

Smoking, vaping, and other types of tobacco consumption can result
in coughing, irritation and dryness of the mouth, throat, and eyes;
dizziness, headache, shortness of breath, altered taste, nausea, and

10

other symptoms!® as well as ocular inflammation and increased inci-

dence of other ocular diseases.!! Nicotine elicits pain sensation when

Trial Number (1min ISI)

Time (min)

applied to the human blister base!? or nasal sinus'>'* and nociceptive
responses in animals.'S Epilingual application of nicotine elicits irri-
tation that is reduced by mecamylamine,'®!'” implicating involvement
of nAChRs in the irritant effect.

Sequential epilingual applications of nicotine elicited irrita-
tion that declined in intensity across repeated trials at a 1-min
interstimulus interval, a phenomenon called desensitization'® (Figure
1A). This is similar to desensitization of irritation elicited by mus-
tard oil," menthol,?® and certain other irritants, but different from
the increasing irritancy (sensitization) elicited by sequential appli-
cation of capsaicin'®?! (Figure 1A). Nicotine-evoked irritation is
cross-desensitized by menthol,”® capsaicin, and piperine from black
pepper.222 However, only a high concentration of nicotine (300 mM)
reciprocally cross-desensitized capsaicin-evoked oral irritation.” The
magnitude of irritation elicited by 300 mM nicotine was lower when
applied within 24 hours but not 48 hours after its initial applica-
tion.”* These findings indicate that smoking or oral ingestion of a
fairly high concentration of nicotine reduces the sensory impact of
subsequent nicotine ingestion, at least for 1 day.

Nicotine Activates C-Fiber Nociceptors

The pain and irritation elicited by exposure to nicotine is due to
the activation of C-fibers, including nociceptors, in the skin, ocular
and oral mucosa, trachea, and lungs. Cutaneous unmyelinated
(C-fiber) sensory nerves were reported to be activated by acetyl-

2527 including nicotine which

choline and other cholinergic agonists
also sensitized C-fiber nociceptors to noxious heat.?® Nicotine acti-
vated acetylcholine-sensitive corneal C-fibers that were insensitive to
thermal or mechanical stimulation.?”** Seventeen percent of ethmoid
nerve C-fibers in guinea pigs responded to intranasal instillation of
nicotine.’! Intranasal vapor-phase nicotine excited ethmoid nerve fi-
bers in a manner that was significantly attenuated by mecamylamine
and another nAChR antagonist dihydro- p -erythroidine.’?
A subpopulation of lingual nerve C-fibers innervating the oral mu-
cosa responded to nicotine.*® Right-atrial injection of nicotine excited
48% of single pulmonary C-fiber afferents including both rapidly-
(RAR) and slowly adapting (SAR) pulmonary stretch receptors.’*

A Capsaicin 0.5 ppm (1.7 uM), B C
Nicotine, 0.12% (7.4 mM) Nicotine, 5% (30 mM) Capsaicin, 100 ppm (330 uM)
812 R A AR AR AR A R c 5000 JIIILEEELELILEY =5°°' R R R R R )
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E 104 I*/I__I__I g g
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Figure 1. Oral irritation by nicotine. A. Nicotine or capsaicin was applied to the tongue and subjects rated the intensity of irritation 25 s later, followed by
reapplication in the same manner at 1-min intervals. Sequential application of nicotine elicited irritation that decreased across trials (blue) while capsaicin
elicited irritation that increased across trials (red). Adapted from reference’, Fig. 3, 1997 with permission from Oxford University Press. B. Application of nicotine
to the tongue elicited responses in Vc neurons of anesthetized rats that initially increased, then decreased across applications delivered at 1-min intervals. Inset
shows Vc neuronal recording sites. C. Repeated application of capsaicin elicited a progressive increase inVc neuronal responses. Adapted from reference®®, Figs.

5B, 11D, 2000 with permission from the American Physiological Society.
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Cigarette smoke excited 78.6% and 27.3% of pulmonary SARs and
RARs, respectively.>®

Nicotine Activates Peripheral Sensory Neurons

A number of studies have used in vitro patch-clamp or calcium
imaging techniques to investigate nicotine activation of iso-
lated dorsal root ganglion (DRG), trigeminal ganglion (TG),
and nodose/jugular ganglion (NJG) sensory neurons of the
vagus nerve. Nicotine (usually 100 pM) excited >50% of rat
DRG** and TG cells*' in a manner exhibiting tachyphylaxis.
Many nicotine-sensitive neurons also responded to capsaicin.
Comparable studies employing calcium imaging have reported
that nicotine excites rat DRG* and NJG neurons,* many of
which also responded to capsaicin. Pharmacological evidence
indicates that nicotine acts via o 7*, o 3 4%, and a 4 B 2*
nAChRs. Evidence for a 7% nAChRs is based on antagonism by
choline and MLA, and for a 3  4* nAChRs is based on an-
tagonism by mecamylamine and excitation by epibatidine.?’-3%4?
Evidence also exists for peripheral a 6  4* nAChRs.* In rat
DRG cells, nicotine elicited slow- and fast-inactivating currents
that were mediated by o 3 f 4% and o 7* nAChRs, respectively.*
However, nicotine was also shown to activate mouse TRPA1 in
a mecamylamine-antagonizable manner.** This may represent a
species difference, in that nicotine-evoked responses of rat DRG
neurons were blocked by mecamylamine but were not affected
by the selective TRPA1 antagonist HC-030031°. A recent study
revealed that nicotine activated 85% of human DRG neurons
that exhibited only slowly activating and inactivating currents,
while mouse DRG cells only exhibited fast-inactivating cur-
rents.* Moreover, human DRG neuronal responses to nicotine
were blocked by mecamylamine but not HC-030031%, implying
a major role for nAChRs but not TRPA1.

Nicotine Stimulates the Peripheral Release
of CGRP

The release of calcitonin gene-related peptide (CGRP) from tra-
cheal or buccal tissue has been investigated as a measure of nicotine
activation of peripheral peptidergic nerve fibers. Nicotine induced
the release of CGRP from the isolated rat** and mouse trachea.*’*
A low nicotine concentration (30 pM) elicited CGRP release via
nAChRs while a higher concentration (100 uM) also elicited CGRP
release in a pH-dependent manner requiring TRPA1 and TRPV1¥.
In the same study, 48% of JNG (but only 14% of DRG) cells were
excited by 100 pM nicotine while all cells were excited by a high
nicotine concentration (20 mM) at an alkaline pH.* CGRP release
in the mouse buccal mucosa was also elicited by nicotine at alkaline
pH, as well as by delivery of cigarette smoke in a manner involving
TRPA1 and TRPV1.#

Nicotine Activation of Central Neurons

Nicotine activates peripheral C-fibers, including nociceptors, which
convey signals into the spinal and medullary dorsal horn to acti-
vate second-order neurons that convey somatosensory information
to higher centers. Using c-fos as an immunohistochemical marker of
strong neuronal activation, intradermal injection of nicotine in the
hindpaw excited neurons in a region of the spinal superficial dorsal
horn (laminae I and II) that overlapped with the area of neuronal

activation by noxious pinch and injection of other algesic agents
including capsaicin, serotonin, histamine, and formalin.’® In func-
tional studies, intradermal injection of nicotine excited superficial
dorsal horn neurons in a manner that exhibited tachyphylaxis to
repeated injections of high but not low nicotine concentrations, and
was antagonized by mecamylamine.’!

Application of nicotine to the dorsal anterior tongue elicited
c-fos expression in neurons in the dorsomedial trigeminal subnucleus
caudalis (V¢) and adjacent paratrigeminal nucleus, nucleus of the soli-
tary tract (NTS), ventrolateral V¢, and area postrema (AP).*>* The
number of neurons in dorsomedial and ventrolateral V¢, NTS and
AP was significantly reduced by pretreatment with mecamylamine,
as well as a high (1%) but not low (0.1%) dose of atropine® that
may be attributed to a nonspecific local anesthetic effect. Delivery of
nicotine to the throat (bypassing the oral mucosa) elicited significant
c-fos expression in the same brainstem regions as observed with lin-
gual nicotine application.** Neurons in the dorsomedial Vc exhibited
significant dose-related increases in firing to lingual application of
nicotine in the low-to-mid mM range in a manner exhibiting tachy-
phylaxis.***¢ Nicotine-sensitive Vc neurons also responded to many
other irritant chemicals.”> Repeated application of nicotine to the
tongue initially excited V¢ neurons, followed by a progressive de-
crease in firing across applications (Figure 1B) consistent with the
decline in psychophysical ratings of irritation (Figure 1A). In con-
trast, repeated application of capsaicin elicited a progressive increase
in V¢ neuronal firing (Figure 1C) consistent with its sensitizing ef-
fect observed psychophysically (Figure 1A).¢ Lingual application
of nicotine cross-desensitized responses of dorsomedial Vc neurons
to the irritant chemical pentanoic acid’” in a manner that was pre-
vented by lingual application of mecamylamine.’®

Nicotine excited Vc neurons and elicited an irritant sensation in
human subjects when delivered at low (7-30) mM concentrations.
The tissue concentration of nicotine at the nociceptive nerve end-
ings is assumed to be 2-3 orders of magnitude lower, consistent with
nicotine exciting sensory neurons iz vitro in the low uM range.

Nicotine Taste

Nicotine tastes bitter® and at concentrations above 50 pg/mL elicited
aversive behavioral responses in rats,®® hamsters,®! and three strains of
mice.®> Rodents generally avoid nicotine in two-bottle preference tests
(see below). Conditioned taste aversion (CTA) of mice to nicotine re-
vealed a generalization to quinine (a bitter tastant) as well as the irritant
spilanthol and nicotine odor, implying that the orosensory taste, irritant
and/or olfactory quality of nicotine is aversive.®> Regarding nicotine’s
bitter taste, nAChRs are expressed in TRPMS-positive taste receptor
cells* and nicotine activates both TRPMS-dependent and TRPMS-
independent gustatory neurons in the chorda tympani (taste) nerve as
well as gustatory cortex in rats and mice.* Mecamylamine reduced
TRPMS-independent gustatory responses and behavioral discrimin-
ation of nicotine and quinine, indicating that nAChRs mediate the bitter
taste of nicotine. Nicotine activates neurons in the NTS, the first relay
in the gustatory pathway.®*” The excitatory effect of nicotine on NTS
neurons was reduced by mecamylamine, and nicotine still excited NTS
neurons following trigeminal ganglionectomy, indicating that nicotine
directly excited gustatory afferents expressing nAChRs.®” Nicotine
also suppressed responses of single NTS neurons to their preferred
tastant (sweet, sour, bitter, salty, or umami) in a manner that was re-
duced by mecamylamine and prevented by trigeminal ganglionectomy,
implying that the inhibitory effect was mediated via nAChR-expressing
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trigeminal afferents.®” Thus, it is clear that nicotine excites the gustatory
pathway in addition to its trigeminal chemesthetic effect.

Nicotine Self-administration

Animal models have been developed in an attempt to mimic the re-
inforcing property of nicotine and conditions associated with nico-
tine addiction. That nicotine is reinforcing or rewarding to rodents
and nonhuman primates is based on studies using intravenous or
oral nicotine self-administration, conditioned place preference, and
intracranial self-stimulation.®*”> Although there are many conflicting
findings, the consensus is that nicotine is rewarding but with large

7376 and animals will self-administer

inter-individual differences,
nicotine by oral or intravenous routes with effects more pronounced
in adolescent male and adult female rodents.

Nicotine also has central aversive effects thought to be mediated
via a 5% and a 3  4* nAChRs.”” Intravenous self-administration of
nicotine was enhanced in o 5* nAChR knockout mice and “rescued”
to wildtype levels by reintroduction of a 5* nAChRs into neurons of
the habenula-interpeduncular tract.”® Verenicline (Chantix®), which
blocks rewarding effects of nicotine, at a higher dose induced con-
ditioned place aversion that was reduced in o 5* nAChR knockout
mice (Pfizer, New York, NY).”

The intravenous route rapidly delivers nicotine to the brain,
similar to inhalation of cigarette smoke. However, this method re-
quires instrumentation and operant training, as opposed to the
two-bottle paradigm of oral self-administration that is easier to
implement. Oral self-administration is thought to better reflect
smokers’ behavior, despite the fact that the nicotine is metabolized
during the first pass through the liver so that a lower concentra-
tion reaches the brain more slowly. Thus there are numerous studies

A Pre-Nicotine Post-Nicotine

|

(N.s.) *
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investigating oral self-administration of nicotine, but also many as-
sociated problems with this approach.®

One potential problem is that nicotine tastes bitter and is an irri-
tant, and thus may be avoided by rodents. Indeed, intraoral delivery
of nicotine elicited behavioral signs of aversion in rats® presumably
due to its bitter and/or chemesthetic quality. Moreover, numerous
studies have failed to demonstrate a preference for nicotine in two-
bottle tests.®“8-%2 However, comparison of three common inbred
mouse strains (C57BL/6] [B6], DBA/2], and A/]) revealed that each
strain exhibited equivalent reductions in licking in a brief access test,
yet the B6 strain (especially females) exhibited greater consumption
of nicotine (75 pg/mL) in a two-bottle test, suggesting that inter-
strain variations in nicotine intake are not due to differences in taste
or chemesthetic sensitivity,*? but rather genetic factors (CHRNAS).

Moreover, the addition of sweeteners to mask the bitterness
of nicotine either increased’* or had no effect’”® on nicotine in-
take.® Studies from our laboratory suggest that sweeteners do not
mask nicotine bitterness/irritancy, and that rats can use flavor cues
to develop a learned avoidance of nicotine. In a two-bottle prefer-
ence test, male Sprague-Dawley rats did not show a preference for
10% Kool Aid (which is 94% sugars) with either grape or cherry
flavor (Figure 2A). However, when nicotine was added to one flavor,
rats consistently avoided that flavor (Figure 2B); when the nicotine
was removed, the learned avoidance extinguished over the ensuing
2 weeks.

In contrast to the studies described above, other investigators re-
port that rats and mice develop a preference for nicotine in two-bottle
preference tests.”*%7 The most likely explanation is that the post-
ingestional rewarding effect of nicotine intake eventually overrides
the aversive taste and/or irritancy of nicotine to result in a preference
for nicotine. The rewarding effect of nicotine appears to involve a 4*
and o 6* nAChR subunits in the ventral tegmental area.®
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Figure 2. Learned avoidance of nicotine. A. Graph plots mean consumption of the two different Kool-Aid flavors in a two-bottle paradigm, before and after
addition of nicotine to one of the bottles. Prior to nicotine, rats consumed equal amounts of cherry and grape Kool-Aid (10%) more than 4 days (left-hand bars,
p > 0.05; n=10). Nicotine (0.62 mM) was then added to one flavor (either grape or cherry, counterbalanced across rats), with the other flavor untainted. Rats
had free access to the two solutions for 14 days, with bottle positions swapped daily. They developed a learned avoidance of nicotine, with significantly less
consumption of the nicotine-treated solution compared to the untreated Kool-Aid flavor (right-hand bars; p < 0.001; t-test). B. Extinction of learned avoidance.
Nicotine was paired with one flavor of Kool-Aid for 14 days, after which it was removed and rats had free access to the either of the Kool-Aid flavors for another
14 days.The graph plots consumption of the Kool-Aid flavor paired with nicotine (as a percentage of total volume consumed per day) versus time. Rats exhibited
a significant avoidance of the flavor paired with nicotine over the first 14 days (p < 0.05, ANOVA), with a gradual trend toward greater consumption that reached
50% (extinction of learned avoidance; no preference) during weeks 3-4 when nicotine was no longer paired with the flavor. K. Zanotto, M. lodi Carstens,

E. Carstens, unpublished observations.
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There are numerous other drawbacks of the two-bottle prefer-
ence test. First, animals exhibit a side preference so that the pos-
ition of the bottle containing nicotine must be changed regularly.
For individual testing rodents must be singly housed, which induces
social isolation stress. Another problem is that the two bottles are
often fairly close together making it more difficult for animals to
remember which side contains nicotine. Female B6 mice exhibited
a progressive increase in nicotine consumption (up to a mean of
5 mg/kg/day), while A/J] males exhibited a significant decrease (to
<1 mg/kg/day) over a 42-day period when the bottles were separ-
ated by 19 cm,® suggesting that preference for or avoidance of nico-
tine was improved by the bottle separation. Individuals within and
across strains also exhibited a large amount of variability in nicotine

consumption.”>#

Nicotine Antinociception

Tobacco was reported to relieve pain as early as the 16th century.®
It is now recognized that smoking or other forms of nicotine intake
has an antinociceptive effect, and abstinence from smoking is often
associated with increased pain that contributes to relapse in smokers
trying to quit.”* The antinociceptive effect of nicotine no doubt con-
tributes to the reciprocal relationship between chronic pain that can
motivate the use of tobacco, and chronic tobacco usage that can lead
to the development of chronic pain.”’> A role for nAChRs in the
antinociceptive effect of nicotine was bolstered by the discovery of
the nAChR agonist epibatidine from the skin of Ecuadoran poison
frogs, which has a potent antinociceptive effect exceeding and inde-
pendent of that of morphine.”

Antinociception FromTobacco Smoke

A recent meta-analysis of 13 human studies reported that groups
receiving nicotine consistently exhibited small to moderate increases
in pain threshold and pain tolerance.” In the selected studies, most
comparisons were made between smoker and nonsmoker groups,
but also included comparisons between groups receiving nicotine by
patch or snuff. There was no apparent relationship between nicotine
delivery method and the degree of pain reduction.

Only a few studies have investigated the antinociceptive effect of
tobacco smoke in animals. Daily exposure of rats to cigarette smoke
for 10 min resulted in antinociception in the tail flick test on the first
day of exposure, followed by the rapid development of tolerance on
subsequent days.” Similar results were obtained with systemic nico-
tine treatment (1 mg/kg sc). Our group exposed rats in an environ-
mental chamber to tobacco smoke in weekly 5-day blocks (6 h/day)
over 4 weeks, with a mean plasma nicotine concentration of 95.4 ng/
mL comparable to that of heavy smokers.”® Smoke exposure resulted
in significant antinociception in the tail flick test (Figure 3A). There
was recovery between blocks and a reduction in the magnitude of
the antinociceptive effect across the four blocks of smoke exposure,
indicating tolerance.” The antinociceptive effect of smoke exposure
on the first day was prevented in rats receiving mecamylamine via
osmotic minipumps (Figure 3B), but was not significantly affected by
the p -opioid antagonist naloxone.”

Antinociceptive Effect of Nicotine
Many animal studies have shown antinociceptive effects of nico-
tine or nAChR agonists delivered systemically (see” and references

100-102 103-107

therein), intrathecally and by intracranial injection.

Antinociception From Systemic Nicotine
Administration: Tolerance and Sex Differences

Our group delivered nicotine to rats via osmotic minipump, which
induced antinociception in male (Figure 3C) but not female (Figure
3D) rats.” The antinociceptive effect in males confirms a previous
study.'® Many other studies have demonstrated antinociception
elicited by systemic nicotine, which exhibits the rapid develop-
ment of tolerance, differences by pain test, and antagonism by
mecamylamine and other nAChR antagonists.

The exact mechanism underlying tolerance to the antinociceptive
effect of nicotine is uncertain, but likely involves desensitization
of nAChRs, which can lead to increased expression of nAChRs in
the brain.!” Tolerance to nicotine antinociception was prevented

119 and buproprion'!!

by pretreatment with mecamylamine
tially by antagonizing nAChRs (mainly o 4 § 2*). Tolerance to the

antinociceptive effect of nicotine was also reduced by interference
112

poten-

with downstream calcium signaling,!'? suggesting that tolerance also
depends partly on post-receptor events.

A sex difference in nicotine antinociception as in Figure 3C,D has
been previously reported, with a majority of studies showing greater
antinociception in males than females but a minority showing the
reverse or no difference.'’®> Moreover, a human study reported
that nicotine patch treatment reduced pain to electrocutaneous
shock in male but not female subjects, and also that male but not
female smokers had higher pain threshold and tolerance levels.!*
However, subsequent work indicates that both male and female
smokers had higher pain threshold and tolerance levels compared

to non-smokers.'"S

Spinal (Intrathecal) Administration
Intrathecal administration of nicotine elicited antinociception,'®
with the (-) enantiomer eliciting stronger antinociception in a

101

mecamylamine-sensitive manner.!” Intrathecal administration of

epibatidine elicited nocifensive behavioral responses as well as a
short-lasting antinociception that was blocked by mecamylamine.!??
In a spinal cord slice preparation nAChR agonists facilitated spinal

inhibition via o 4 § 2* but not a 7* nAChRs.!1¢117

Supraspinal Administration

Microinjection of nicotine into the pedunculopontine tegmentum and
rostral ventromedial medulla (RVM) elicited antinociception!**1
possibly via afferent inputs to the RVM, an area giving rise to
descending pain-modulatory pathways."'® Nicotine antinociception
depends largely on o 4 and B 2 nAChR subunits based on genetic
knockout studies.'”” Microinjection of the a 4 § 2 nAChR agonist
epibatidine into the RVM elicited antinociception dependent mainly
on a4 f 2 but to a lesser extent also on o 7 subunits.'”® a 7 agon-

121-123 or into the ventrolateral

ists injected intracerebroventricularly
periaqueductal gray (PAG)'** also elicited antinociception (Figure 4).

The neurotransmitter serotonin (5-HT) has been implicated in
nicotine antinociception. Serotonergic neurons in RVM express the
o 2 nAChR subunit.'” Antinociception elicited by systemic nicotine
was significantly reduced by pretreatment with 5-HT1a antagonists
8-OH-DPAT and buspirone!?® and by pretreatment with the 5-HT
synthesis inhibitor para-chlorophenylalanine.'” In contrast, there
is less evidence that opioidergic mechanisms contribute to nicotine
antinociception, since p-opioid antagonists such as naloxone have
mixed and often no effect (discussed in *!). For example, we found
that systemic infusion of naloxone by osmotic minipump had no ef-
fect on the antinociception observed following exposure to tobacco



Nicotine & Tobacco Research, 2022, Vol. 24, No. 3

31

8- Smoke Exposure Period
N ll ll

¥x%

—e—Smoke
—e—Control

Tail Flick Latency (sec) >

Day

6- I ]
\/
5480 144
gif EARAN I& /i i\l/l\ P i
et

\/\ ~

1—e— Nicotine 6 mg/kg/day
1{ e Saline Control

OIIIIIIII
0 4 8 12

Tail Flick Latency (sec) )
H

16 20 24 28 32 36
Days

4 0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60

B Smoke exposure
]

[=2]
J

*

[¢,]
1

H
1

—

£:1/§< —— ;—i:£><¥>¥

—#— Saline control

Tail Flick Latency (sec)
w

2]
Mecamylamine
14 ¢ (~3 mgl/kg/day, 28 days)
0 T T T T T L T T L T T
0 2 4 6 8 10 12 14 16 18 20 22
Day
D Females
3 e
9’5
= 51
O $
c 4 * \ﬁ/}%\% Iy
Q O g 9-d b g & _
"&’ $>! I\g 3/3 o \ i‘! §\I/§
- 3
-
2 24 P
= —e— Nicotine 6 mg/kg/day
= 1{ e  Saline Control
©
a 0

16 20 24 28 32 36
Days

0 4 8 12

Figure 3. Analgesia elicited by exposure to tobacco smoke or nicotine. A. Adult male rats were placed in an environmental chamber and exposed to tobacco
smoke (approximately 90 mg/m? suspended particulate matter; 4-5 mg/mm? nicotine) for 6 h/day for blocks of 5 days, repeated 4 times (yellow shading). Smoke
exposure resulted in mean plasma nicotine levels of 95.4 ng/mL. Tail flick testing was done immediately after each daily period of smoke exposure. Control
animals were similarly housed and exposed to room air. *Significant difference between smoke-exposed and control groups (p < 0.05, ANOVA). Adapted from
reference?’, Fig. 2B, 2004 with permission from Elsevier. B. Analgesia from tobacco smoke exposure is prevented by mecamylamine. Mecamylamine or saline
was delivered by osmotic minipump for 28 days. Rats were exposed to tobacco smoke (as in A) for 5 days, 6 h/day (yellow shading). *Significant difference
between smoke-exposed and control groups (p < 0.05, ANOVA). Adapted from reference®, Fig. 2A, 2005 with permission from Elsevier. C. Analgesic effect of
systemic nicotine in male rats. Nicotine or saline was delivered by osmotic minipump for 2 weeks (bar with arrows). *Significant difference between smoke-
exposed and control groups (p < 0.05, ANOVA). D. Lack of analgesic effect of nicotine in female rats (format as in C). C and D Adapted from reference®, Figs. 2A,

2B, 2001 with permission from Springer/Nature.

smoke.”® Evidence thus indicates that the central antinociceptive ac-
tion of nicotine is mediated in part by activation of o 4 § 2* and
a7* nAChRs to activate serotonergic RVM neurons with descending
antinociceptive effects on spinal pain transmission. This may work
in combination with nicotine enhancement of spinal inhibition of
nociceptive transmission, as noted above.

Flavor Additives and Interaction With Nicotine

Menthol is by far the most common flavor additive to cigarettes, and
since 2009 the only one allowed in the United States. The rate of con-
sumption of mentholated cigarettes is highest among youth (52.5%)
and African Americans (86.5%).'2® Although cigarette consumption
has declined in the United States by 46% between 2000 and 2018, a

large majority of the total decline (85%, and 91% since 2009) is in
non-menthol cigarettes. Menthol contributes to the addictiveness of
cigarettes by altering the expression of nAChRs, increasing nicotine
bioavailability, reducing the sensory impact of smoke, and serving as
a conditioned cue.'?”

Menthol is a cooling agent that acts via TRPMS,3%13! a cold-
sensitive ion channel expressed by sensory nerve fibers.'*>-1** Menthol
at sufficiently high concentration is irritating.">*!% We showed that
oral irritation elicited by repeated application of menthol at 60-sec
intervals significantly decreased across trials (desensitization) and
cross-desensitized oral irritation elicited by nicotine even after the
cooling effect of the menthol had dissipated.? Menthol delivered
by chewing gum transiently reduced irritation elicited by nicotine
gum but the effect was no longer significant after 5 minutes."?” In
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Figure 4. Schematic showing brain regions with elevated levels of nAChRs,
within which microinjection of nicotine elicited analgesia. The ventrolateral
PAG and Pptg project to RVM, which gives rise to bidirectional modulation
of spinal nociceptive transmission. Nicotine acting at supraspinal sites
is postulated to engage RVM-spinal descending pathways that exert a
predominantly inhibitory effect on spinal nociceptive transmission. Blue
shading: areas with neurons expressing nAChRS. Abbreviations: RVM,
rostral ventromedial medulla. +, excitatory synapse; —, inhibitory synapse.

an animal study using a two-bottle paradigm, mice exhibited aver-
sion to menthol at concentrations above 100 pg/mL consistent with
menthol’s irritant effect.'® However, wildtype mice preferred so-
lutions containing nicotine plus menthol compared with nicotine
(200 pg/mL) alone, while TRPMS8 knockout mice preferred nicotine
alone over a mixture of nicotine and menthol. These results suggest
that menthol acting via TRPMS counteracts nicotine irritation, but
adds to nicotine irritation in mice lacking TRPMS.'3® This is sup-
ported by the observation that menthol dose-dependently increased
oral nicotine consumption in mice in a manner dependent on sex,
age, and o 7* nAChRs.'* The aversion elicited by high menthol con-

centrations was abolished in TRPA1-deficient mice,'*

implicating
TRPA1 in menthol-induced aversion and respiratory irritation
(see below).

In mice, braking (cessation of inspiration) was used as a
readout of respiratory irritation elicited by cigarette smoke and
constituent tobacco irritants including acrolein, cyclohexanone,
and acetic acid.'*"'*? Co-inhalation of menthol reduced or pre-
vented respiratory irritation elicited by these irritants. The sup-
pression of acrolein-evoked respiratory irritation by menthol and
eucalyptol, another TRPMS8 agonist, was blocked by a TRPMS
antagonist.'*! TRPMS8-mediated inhibition of irritation might
speculatively be due to menthol activation of peripheral cold fi-
bers that excite spinal inhibitory interneurons to suppress pain
transmission.'*>» 1* Since acrolein acts at TRPA1'* and nicotine
acts at nAChRs and TRPA1 (at least in mice; see above), the

ability of mM concentrations of menthol to inhibit TRPA 146 147
may also contribute to reduced respiratory irritation as well as
aversion to high oral concentrations of menthol.'*® However, this
may not apply in humans since menthol only acts as an agonist
but not as an antagonist at human TRPA1." These results imply
that menthol acting at TRPMS8 (and/or inhibiting TRPA1) reduces
respiratory irritation, thus allowing increased volume of inhaled
tobacco smoke or nicotine vapor.

Systemic'® or oral'5® ! administration of menthol to rats in-
creased intravenous nicotine self-administration (but see also'$?),
suggesting that menthol promotes nicotine dependence.

The incidence of vaping and other means of electronic nico-
tine delivery is increasing especially among adolescents.'s* Popular
flavorants include tobacco, menthol, cherry, coffee, and chocolate/
sweet.””* A higher menthol concentration (3.5%) reduced the irri-
tation elicited by a high concentration of nicotine (24 mg/mL) and
slightly increased the liking of e-cigarettes.'>* Thus, part of menthol’s
appeal as a flavorant may be its ability to reduce the harshness of
inhaled nicotine.

Cinnamaldehyde is an irritant selective for TRPA1.'5¢ When
delivered independently by chewing gum, both cinnamaldehyde
and nicotine elicited oral irritation with that of nicotine being
greater; there was little effect on the level of nicotine-evoked ir-
ritation when nicotine and cinnamaldehyde gum were chewed

simultaneously.'s”

Conclusions

In conclusion, nicotine activates centrally mediated reward systems
but at the same time has aversive sensory properties. Nicotine elicits
irritation and pain via activation of nAChRs and possibly TRPA1 (at
least in mice) expressed by peripheral sensory neurons. This activates
trigeminal pain pathways to excite neurons in Vc and other brainstem
areas in a pattern of neuronal firing that is consistent with the psy-
chophysical desensitizing effect of nicotine and the sensitizing effect
of capsaicin. Tobacco smoke and systemic administration of nico-
tine also induces antinociception by activating brainstem neurons
expressing nAChRs, giving rise to descending inhibition of the spinal
transmission of pain signals. The rewarding and antinociceptive ef-
fects of nicotine are seemingly at odds with its aversive properties
(see “paradox of drug reward” above), and interact in a complex
manner that leads to addiction in some individuals.
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