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Abstract

Nicotinic acetylcholine receptors (NAChRs) are pentameric cation channels expressed in the
mammalian CNS, in the peripheral nervous system, and in skeletal muscle. Neuronal-type
nAChRs are also found in several non-neuronal cell types, including leukocytes. Granulocytes are
a subtype of leukocytes that include basophils, eosinophils, and neutrophils. Granulocytes, also
known as polymorphonuclear leukocytes, are characterized by their ability to produce, store, and
release compounds from intracellular granules. Granulocytes are the most abundant type of
leukocyte circulating in the peripheral blood. Granulocyte abundance, nAChR expression, and
nAChR upregulation following chronic nicotine administration makes granulocytes interesting
models for identifying protein markers of nicotine exposure. Nicotinic receptor subunits and
several non-nAChR proteins have been identified as protein markers of granulocyte nicotine
exposure. We review methods to isolate granulocytes from human tissue, summarize present data
about the expression of nAChRs in the three granulocyte cell types (basophils, eosinophils, and
neutrophils), describe current knowledge of the effects of nicotine exposure on human granulocyte
protein expression, and highlight areas of interest for future investigation.
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Nicotinic acetylcholine receptors (nAChRs) are pentameric cation channels that are
expressed in the mammalian CNS, in the peripheral nervous system, and at neuromuscular
junctions (Millar and Gotti 2009). Eleven neuronal nAChR subunits have been identified in
mammals (a2-7, a9-10, f2-4) (Albuquerque et al. 2009). nAChRs are endogenously
stimulated by acetylcholine, as well as by nicotine, the primary addictive component in
cigarettes (Palmer et al. 2005).

Nicotine activates nAChRs when administered acutely, and elicits additional effects in the
CNS when used chronically. It was first shown in 1985 that during chronic exposure, some
nAChRs subtypes are increased in number, as well as in sensitivity to nicotine (Marks et a/.
1985; Schwartz and Kellar 1985). This phenomenon, termed ‘upregulation’, has been
observed in both rodent and primate models of NAChR expression (Breese et al. 1997; Peng
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et al. 1997; Perry et al. 1999; Marks et al. 2011; Alsharari et al. 2015). The degree of
receptor upregulation following chronic nicotine exposure displays selectivity with regard to
brain region and to nAChR subtype. Upregulation takes place posttranslationally, because
nicotine has been shown to serve as a pharmacological chaperone for nascent NAChRs
(Henderson and Lester 2015). Several groups are pursing the hypothesis that nAChR
upregulation is both necessary and sufficient to explain the early stages of nicotine
dependence (days to weeks). Therefore, nAChR upregulation has the potential to become a
mechanistically revealing biomarker for chronic nicotine exposure. The study of neuronal
nAChRs in human brain tissue is not practical for clinical use, leading to the desire for more
readily available tissue in which to identify markers of nicotine exposure.

In addition to being expressed in the mammalian CNS, ‘neuronal’ nAChRs are also found in
peripheral blood cells, including leukocytes. This raises the possibility that biomarkers for
chronic nicotine exposure could be found in blood. Granulocytes, also known as
polymorphonuclear leukocytes (PMNS), are distinguished from other white blood cells by
the presence of intracellular granules as well as by variable nuclear morphologies. There are
three types of granulocytes: basophils, eosinophils, and neutrophils (Geering ef al. 2013).

Each type of granulocyte has a distinct set of functions in the immune system. The granules
of basophils and eosinophils produce cytokines, small proteins that are involved in the
coordination of immune and allergic responses. Eosinophils also produce reactive oxygen
species in response to immune challenges (Blanchet et al. 2007; Geering et al. 2013).
Neutrophils attack bacteria and other microorganisms by phagocytosis and/or by the release
of toxic effector molecules contained in intracellular granules (Boxio et al. 2004). The
majority of circulating granulocytes are neutrophils, representing 50-70% of total
leukocytes in blood (Rodak and Carr 2016). As a result of the abundance of neutrophils in
PMN/granulocyte populations, the terms PMN, granulocyte, and neutrophil are often used
interchangeably in the literature. To avoid confusion, this review uses the term granulocyte
to refer to total granulocytes.

The expression of NnAChRs has also been observed in other leukocytes, including
lymphocytes, macrophages, and mast cells (Fujii and Kawashima 2001; Fujii et al. 2008;
Kageyama-Yahara ef a/. 2008; Kindt et a/. 2008; Yamamoto ef al. 2014). However,
granulocytes display several attributes that make them advantageous models for identifying
protein markers of human nicotine exposure. As mentioned above, granulocytes, in
particular the highly abundant neutrophil, vastly outnumber other leukocytes such as
lymphocytes in peripheral blood (Benhammou et a/. 2000; Rodak and Carr 2016). Millions
of human granulocytes can be isolated from peripheral blood using typical blood draw
volumes (Lebargy et al. 1996). In addition, while neutrophil number is increased in smokers
versus non-smokers, mononuclear leukocytes (e.g. lymphocytes) do not increase in number
(van Eeden and Hogg 2000; Sorensen et al. 2004).

Identification of nicotine exposure protein markers in humans is of interest because such
markers could serve several goals including: the assessment of compliance with smoking
cessation therapy; the comparison of effects of different tobacco products; the comparison of
nicotine use in different populations of smokers; and the correlation of nicotine use with
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varying degrees of addiction. These markers could also aid in understanding responses to
different active molecules and flavorings in cigarettes (e.g. menthol).

Granulocyte isolation

Murine granulocytes can be isolated from several tissues including bone marrow, kidney,
spleen, peripheral blood, and peritoneal fluid (Williams ef al. 1977; Boxio et al. 2004;
Coquery et al. 2012; Swamydas et al. 2015; Safronova et al. 2016). Isolating neutrophils
from bone marrow or the peritoneal cavity after challenge with a pro-inflammatory
compound is a common method used in mouse studies (Devi et al. 1995; Boxio et al. 2004;
Tanaka et al. 2004; Safronova et al. 2016). It should be stressed that the source tissue of the
neutrophil, the stage of cell development, and the source species may influence the observed
responses to nicotine administration. Several signaling pathways have been reported to differ
between the granulocytes of mice and humans (Geering et al. 2013).

While many informative granulocyte studies have been conducted in rodents, this review
primarily focuses on work using granulocytes isolated from human peripheral blood to
maximize biological and medical relevance of protein markers for smoking. Cabanis et a/.
(1994) reviews several methods for isolating granulocytes from human peripheral blood,
with varying degrees of purity. All of these methods involve gradient or differential
centrifugation to separate granulocytes from other leukocytes and a hemolysis step to
remove erythrocytes. Many of the granulocyte studies included in this review utilize a
variation of these methods (Lebargy ef al. 1996; Benhammou et al. 2000; Iho et al. 2003;
Cormier et al. 2004). Isolating murine neutrophils from peripheral blood in a similar fashion
is possible, but is more difficult because of limited blood volume (Devi et al. 1995;
Swamydas et al. 2015).

As a result of their lower cell number in human peripheral blood, the isolation of basophils
and eosinophils is more complicated than the isolation of neutrophils. The isolation of
basophils and eosinophils from total granulocyte preparations can be achieved by positive or
negative selection of cell populations using basophil, eosinophil, and neutrophil specific
protein markers. To isolate eosinophils, total granulocytes are isolated as described above
and incubated with beads conjugated with anti-CD16 antibodies. Targeting CD16, a protein
expressed on neutrophils, removes neutrophils from the total granulocyte preparation
(Blanchet et al. 2007; Watson et al. 2014). To isolate both basophils and eosinophils, cell
populations can be selected for being CD45 and FceR1-positive cells (basophils), and for
being CD45-positive, CD16-negative cells (eosinophils) (Watson et al. 2014).

Expression of nAChRs in granulocytes

Neuronal nAChRs and nAChR subunits serve as biomarkers for chronic nicotine exposure in
the CNS of both rodents and humans (Breese et al. 1997; Perry et al. 1999; Marks et al.
2011; Alsharari et al. 2015). This leads to the possibility that nAChRs in granulocytes could
serve more conveniently as a biomarker of nicotine exposure in humans. To evaluate this
possibility, it is important to know which nAChR subtypes are expressed in granulocytes,
and if they upregulate in response to nicotine exposure.
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The expression of NAChR in granulocytes has been investigated in both rodents and humans.
Because the data for nAChR expression in human granulocytes are less complete, several
rodent studies are discussed that provide preliminary information to guide investigations of
human granulocyte nAChR expression.

For a comprehensive understanding of nAChRs in granulocytes, the expression of NAChRs
can be investigated on the transcript (MRNA), the protein (nAChR subunit), and intact
receptor levels. RT-PCR analysis of granulocytes isolated from human peripheral blood
identified the mRNA transcripts for nAChR subunits a3, a4, a7, B2 and p4 (Benhammou et
al. 2000). Shown in Table 1, transcripts for all neuronal nicotinic receptor subunits have been
identified in rodent granulocytes (Safronova et al. 2016).

Expression of a3, a4, a7, B2, and f4 nAChR subunits in human granulocytes has been
confirmed using western blotting (Benhammou et a/. 2000). Querying the assembly of

subunits into dimers using co-immunoprecipitation further detected robust a3p4 dimer
formation and lower levels of a4p2 formation (Benhammou et a/. 2000).

Radioligand binding assays are a technique used to investigate ligand interactions with
assembled intact nAChRs. High-affinity [3H]-nicotine binding was observed on granulocytes
isolated from non-smokers (Hoss et al. 1986; Lebargy et al. 1996; Benhammou et a/. 2000).
A second class of very high-affinity nicotine binding sites was only observed in granulocytes
isolated from smokers (Lebargy et a/. 1996; Benhammou et a/. 2000). Similarly, [3H]-
epibatidine binding sites have been reported in human granulocytes isolated from smokers
(Cormier et al. 2004). Epibatidine binding has been characterized in the mammalian CNS to
represent primarily binding to the a4p2 subtype receptor, though epibatidine may also bind
to a3p2, a3p4, and a7-nAChRs with different kinetics (Whiteaker ef a/. 2000). These
radioligand binding studies were all normalized to either purified granulocyte protein or
granulocyte cell number, accounting for any changes in total granulocyte count in response
to chronic nicotine. While demonstrated levels of nicotine binding in granulocyte
preparations are lower than that observed in the mouse whole brain and the human cortex,
they are comparable to levels observed in several human and rodent brain studies
investigating quantitative changes in nAChRs in response to nicotine exposure (Marks &
Collins 1982; Breese et al. 1997). The a7-nAChR subtype was detected in both murine and
human granulocytes as determined by binding of a.-bungarotoxin (a-bgtx), which is
generally considered a selective antagonist for a7-nAChRs (Table 1) (Cormier et al. 2004;
Safronova et al. 2016). Data generated by Safronova et al. (2016) provide insight into the
nAChR subtypes that are represented in murine granulocytes by assaying the sensitivity of
granulocyte substrate adhesion to a-cobratoxin, a.-conotoxin Ml and a.-conotoxin PnlA
exposure. Like a-bgtx, a-cobratoxin is an antagonist of a7-nAChRs, while a-conotoxin
MII is an antagonist of a3p2 and a3a6p2-nAChRs and a-conotoxin PnlA is an antagonist
of a3B2-nAChRs. Their work suggests possible expression of a3p2 and a3a6p2-nAChRs
in murine granulocytes, though a comparably elegant study has not yet been performed
using human cells. The presence of a3p2-nAChRs in human, non-smoker granulocytes has
been suggested previously based on the observation that the relatively high amount of
nicotine required to elicit interleukin 8 (IL-8) induction surpassed the nicotine concentration
required to activate a4p2-nAChRs (lho et al. 2003). Taken together, the expression of a3,
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a4, a7, B2, and 4 nAChR subunits has been confirmed in human granulocytes. In addition,
experimental data reveal that these expressed receptor subunits assemble into intact a.7-
nAChRs capable of binding known nAChR antagonists, as well as into presumptive a4p2,
a3p2, a3a6p2, and/or a3p4-nAChRs (Table 1).

The study of nAChR expression has been more limited in basophils and eosinophils than in
the total granulocyte population. Basophils isolated from allergic patients express a4 subunit
containing nAChRs (a4* nAChRs) and a7-nAChRs, confirmed by flow cytometry data.
Immunoreactivity was demonstrated using an antibody reactive with a1, a3, and a5, though
more work is required to learn which of the three subunits are expressed in human basophils
(Watson et al. 2014). Expression of a3, a4 and a7 subunit transcripts and protein in human
eosinophils has been reported using a combination of RT-PCR, ELISA, and
immunohistochemistry (Blanchet et al. 2007).

Expression of a7-nAChRs in human leukocytes may be confounded by the presence of
CHRFAMTA, a partially duplicated gene for the a7 nAChR subunit (reviewed by Costantini
et al. 2015a). The protein product of CHRFAMT7A, dupa7, has been identified in
lymphocytes, but not yet in granulocytes (Villiger et al. 2002; Benfante et a/. 2011).
However, it is possible that dupa7 is expressed in granulocytes but at currently undetectable
levels. The expression of this gene, and its regulatory effect on a7-nAChRs, is still being
explored. Importantly, CHRFAMTYA is expressed only in humans; thus its possible
involvement with a7-nAChR functions or with nAChR-independent functions, in response
to nicotine exposure will not be represented in rodent studies (de Lucas-Cerrillo et al. 2011;
Costantini et al. 2015a,b; Sinkus et al. 2015).

NAChRs as peripheral protein markers of nicotine usage

Reported studies suggest that NnAChRs themselves can be peripheral protein markers for
human nicotine exposure. An increase in high-affinity [3H]-nicotine binding has been shown
in granulocytes isolated from smokers versus non-smokers (Table 2) (Lebargy et al. 1996;
Benhammou et a/. 2000). In concordance with [3H]-nicotine binding, Cormier et al. (2004)
also noted an increase in the number of [3H]-epibatidine binding sites on the granulocytes
isolated from smokers (Table 2). Granulocytes do express a3, a4, and p2 nAChR subunits,
all of which can form nAChRs that upregulate in response to chronic nicotine in the CNS
(Henderson and Lester 2015). These nicotinic receptor subtypes and their constituent
subunits expressed in granulocytes are prime candidates to be protein markers of human
nicotine exposure.

Of particular interest is the potential to use B2 subunit levels as a biomarker for nicotine
exposure. In general, NAChRs containing B2 subunits (2* nAChRSs) upregulate in the
mammalian CNS in response to chronic nicotine administration (Marks et a/. 2011;
Alsharari et al. 2015). In the human CNS, p2* nAChRs have been shown to up-regulate in
some brain regions of smokers compared to non-smokers (Staley et a/. 2006; Brody et al.
2013). Expression of B2 transcripts and subunits have both been confirmed in human
granulocytes (Benhammou et a/. 2000). In addition to a4p2-nAChRs, several studies
suggest that a3p2-nAChRs are expressed, though co-immunoprecipitation investigations for
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a3 and B2 have not yet been reported in human granulocytes. Evidence of cytisine-resistant
epibatidine binding and a-conotoxin MII affinity, both of which are attributed to a3p2-
nAChRs, has not yet been reported in granulocytes (Marks et al. 2000; Whiteaker et al.
2000). Together, these studies suggest that p2* nAChRs are possibly associated with the
observed nicotine and epibatidine binding. Additional work is required to confirm which
specific B2* nAChRs subtypes are expressed in granulocytes and which subtypes may
upregulate in response to nicotine.

While a.7-nAChR expression has been identified in granulocytes, a-bgtx binding does not
increase in cells isolated from smokers compared to non-smokers (Cormier et al. 2004). It is
possible that a7 nAChR subunits upregulate in granulocytes without assembling into
receptors, but this possibility has not yet been investigated.

[3H]-nicotine binding levels observed in granulocytes isolated from ex-smokers have been
observed to remain increased for up to 8 months after smoking cessation (Lebargy et al.
1996). In the same study it was also observed that nicotine binding in granulocytes of ex-
smokers finally decreased toward non-smoker levels after smoking cessation for > 12
months. This differs from observations in the human CNS, where the duration of nicotine-
induced nAChR upregulation subsides in postmortem brain tissue from ex-smokers after 2
months (Breese et al. 1997).

Circulating, mature granulocytes live for hours to days in the blood, suggesting that the
persistent increase in [3H]-nicotine binding levels is not principally occurring as a result of
granulocyte exposure to nicotine in the blood (Simon and Kim 2010; Kolaczkowska and
Kubes 2013; Tak et al. 2013). Several studies have demonstrated that nicotine has an effect
on granulocyte precursor cells. Granulocyte precursors are known as myeloblasts, which in
turn arise from hematopoietic stem cells in the bone marrow (Summers et a/. 2010). A
model of human myeloblasts is the promyeloblast cell line HL-60, which can differentiate
into granulocyte-like cells (Villiger et al. 2002; Xu et al. 2008). HL-60 cells have
demonstrated a.7 and dupa.7 expression as well as altered non-nAChR protein expression
and altered function in response to nicotine treatment (Armstrong et al. 1996; Villiger et al.
2002; Xu et al. 2008). The expression of al-7, a9-10, and p1-p4 subunit transcripts, as
well as the expression of a3, a4, a7, and p4 subunits, has been demonstrated in human stem
cell models of hematopoietic tissue development (Serobyan et a/. 2007). In addition, murine
hematopoietic stem cells have been demonstrated to express a7 subunit transcripts and bind
a-bungarotoxin, suggesting the presence of intact a7-nAChRs (Chang ef a/. 2010). The
prolonged upregulation of nAChRs observed in mature circulating granulocytes may
therefore be not only from exposure to nicotine during their short life span in circulating
blood, but also from exposure during one or more earlier stages in granulocyte development
as myeloblasts or hematopoietic stem cells. Hematopoietic stem cells have life spans greater
than 10 months, which is consistent with the 8 month increase in [3H]-nicotine post-smoking
cessation in ex-smokers (Sieburg ef al. 2011).

J Neurochem. Author manuscript; available in PMC 2018 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mulcahy and Lester Page 7

Non-nAChR peripheral protein markers

Non-nAChR proteins may also be useful as markers for nicotine exposure in granulocytes.
In addition to nAChR upregulation, several non-nAChR proteins have been reported to have
altered expression levels in granulocytes exposed to nicotine (Table 3). Depending on the
technique used, changes in protein expression can be observed either on the surface of the
cell or in the total cell. A key distinction among the studies reporting changes in non-nAChR
protein expression is the nicotine exposure model used. The majority of studies use one of
two models. The first is to isolate granulocytes from non-smoking subjects and to expose
them to nicotine. The second strategy is to isolate and compare granulocytes from smokers
with non-smokers. Table 3 highlights non-nAChR peripheral protein markers identified
using these two experimental approaches.

The identification of non-nAChR protein markers of nicotine exposure in human
granulocytes is potentially important since nicotine use affects immune function, as
comprehensively reviewed elsewhere (Palmer et al. 2005; Kawashima et al. 2012; Olofsson
et al. 2012; Martelli et al. 2014). Neutrophils, the principal granulocyte population, act
through a repertoire of reactive oxygen and nitrogen-generating processes collectively
known as respiratory burst (reviewed by Palmer et a/. 2005). Microorganisms are killed by
these reactive species. Proteins involved with cellular recruitment from the bone marrow, or
neutrophil adhesion, have also been associated with neutrophil immune function (lho et al.
2003). Several of the protein markers highlighted in Table 3 reported to have altered
expression in response to nicotine are involved with these processes and may be associated
with the changes seen in immune function following nicotine use.

Potential non-nAChR protein markers of nicotine exposure identified in human granulocytes
include: I1L-8, L-selectin (CD62L), lymphocyte function-associated antigen 1 (LFA-1),
macrophage-1 antigen (MAC-1), matrix metallopeptidase 9 (MMP-9), myeloperoxidase
(MPQ), nuclear factor x-light-chain-enhancer of activated B cells inhibitor alpha (IxBa.),
and nuclear factor x-light-chain-enhancer of activated B cells inhibitor beta (1xBp).

Expression of CD62L is a prime example of responses that can differ among experimental
nicotine exposure models. Three groups have reported investigations of the expression of
CDG62L in response to nicotine, using two different methodologies. Speer et al. (2002)
observed a decrease in CD62L levels, using granulocytes isolated from non-smokers, and
exposed ex vivoto nicotine. van Eeden and Hogg (2000) however noted an increase in
CD62L in smokers when comparing granulocytes isolated from smokers versus non-
smokers. Ryder et a/. (1998) similarly compared CD62L in granulocytes from smokers
versus non-smokers, though with a smaller cohort than van Eeden and Hogg, and observed a
decrease in smokers (Table 3). Because granulocytes from the van Eeden & Hogg and Ryder
et al., studies were exposed chronically /n vivoto nicotine and to other cigarette smoke
components, observed changes in protein expression compared to non-smokers may be
especially informative.

Similarly, various effects have also been reported for LFA-1 and MAC-1 protein expression
in granulocytes depending on the experimental model of nicotine exposure. LFA-1 and
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MAC-1 are both integrins involved in cell adhesion. One study reported no observable
differences between LFA-1 protein expression in granulocytes of smokers versus non-
smokers (Ryder et al. 1998). A second study using non-smoker granulocytes that were
exposed ex vivoto nicotine demonstrated a decrease in LFA-1 protein expression (Speer et
al. 2002). The effect of ex vivo nicotine on MAC-1 protein expression in granulocytes of
non-smokers was investigated by two groups, both of which observed a decrease in
expression in response to nicotine (Speer et al. 2002; Vukelic et al. 2013). Comparing
MAC-1 protein expression in smokers versus non-smokers, however, did not demonstrate a
change in expression following chronic cigarette smoke exposure (van Eeden and Hogg
2000).

IL-8 administration increases the number of granulocytes exiting the bone marrow into the
circulation; and IL-8 protein expression increased when granulocytes from non-smokers
were exposed to nicotine ex vivo (Iho et al. 2003). IxBa and 1xBp are inhibitors of NF-«xB,
a transcription factor that regulates the 1L-8 gene. Both inhibitors show decreased protein
expression in response to nicotine exposure ex vivo in granulocytes isolated from non-
smokers (lho et al. 2003). Comparing smokers and non-smokers, van Eeden and Hogg 2000
observed an increase in MPO expression on the surface of granulocytes using flow
cytometry. MPO is an enzyme involved in production of the reactive species that are
involved with neutrophil respiratory burst (van Eeden and Hogg 2000). These four non-
nAChR proteins all exhibit roles in neutrophil function and may serve as protein markers of
nicotine exposure.

Several non-nAChR proteins have been highlighted as possible protein markers of nicotine
exposure in granulocytes. Differences among the reported effects of nicotine or tobacco
exposure on expression of several of these identified proteins may be attributed to
differences between the models of nicotine exposure used, differences in cohort
characteristics and size, and/or differences in analytical technique. We note that most studies
used analytical techniques that investigated cell surface and not total cellular expression.
Further analysis is required to validate these protein markers for different models of nicotine
exposure. Additional work is also required to expand the current list of possible non-nAChR
protein markers.

Several studies using isolated basophils and eosinophils have also highlighted changes in
non-nAChR protein expression in response to non-nicotine cholinergic drugs that may also
be markers of nicotine use. Dimethylphenylpiperazinium and di-ethyl-
phenylhomopiperazinium are two experimental cholinergic agonists with anti-inflammatory
properties (Watson et al. 2014). Activation of nAChRs following
dimethylphenylpiperazinium exposure decreases MMP-9 protein expression in eosinophils
stimulated with 5-oxo-eicosatetraenoic acid. Matrix metallopeptidases such as MMP-9 are
involved with extracellular matrix remodeling and have been implicated with chronic
obstructive pulmonary disease (COPD) as well as asthma (Blanchet et a/. 2007; Grzela et al.
2016). CD203c, a marker for basophil activation, exhibited decreased levels in basophils
isolated from peripheral blood of subjects with allergies (Table 3). Di-ethyl-
phenylhomopiperazinium acts on both nicotinic and muscarinic acetylcholine receptors; the
decrease in CD203c expression was ablated with hexamethonium, a non-selective nicotinic
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antagonist, and with a-bgtx. This nicotinic antagonist-sensitive decrease suggests that a
decrease in allergen-induced basophil activation is due in part due to nNAChR activation
(Watson et al. 2014). In summary, despite the currently limited information about protein
changes in human basophils and eosinophils in response to nicotine exposure, protein
markers do change when other nicotinic agonists stimulate NAChRs in human basophils and
eosinophils.

Tools for identifying granulocyte biomarkers

The study of nicotine/tobacco usage requires the identification of protein biomarkers that
can objectively facilitate the monitoring of nicotine exposure. Since humans are genetically
diverse and demonstrate diverse nicotine/tobacco use behaviors, identifying multiple
biomarkers may be useful to monitor nicotine/tobacco exposure for different populations,
different tobacco products and different delivery systems. Ideally, to establish the utility of
biomarkers, potential markers should be identified using multiple methods in well
characterized large sample sizes. Changes in nicotine/tobacco exposed groups could be
correlated or associated with certain changes observed only in specific subpopulations of
individuals. These subpopulations may include for example individuals with challenged
immune systems, or individuals intentionally or unintentionally (i.e. secondhand smoke)
exposed to nicotine.

By pursuing unbiased methods, such as protein identification using mass spectrometry, we
can better understand what total changes in protein expression are occurring in response to
nicotine and the method of administration (e.g. cigarettes vs. electronic cigarettes). There are
also non-nicotine substances in tobacco products that may be biologically active that could
effect protein expression (Rabinoff ef a/. 2007; Ahijevych and Garrett 2010; Talhout et al.
2011; Wickham 2015; van de Nobelen et a/. 2016). Like nicotine, the levels of these non-
nicotine substances could also vary by tobacco product and by the method of delivery.
Therefore, studying one biomarker may not be equally useful for all populations and for all
tobacco products and methods of delivery. While many studies have investigated changes in
expression of various proteins in response to nicotine or tobacco, a global approach has not
yet been pursued in human granulocytes. Immunoassays (e.g. western blots, flow cytometry,
etc.) are common methods of assessing proteomic changes. While the number of proteins
investigated by these methods is relatively limited since they require specific antibodies,
these methods highlight the possible tools that could be used to compare the effects of
tobacco use across different populations once biomarkers are established.

The predominant method of quantifying general cholinergic expression of human nAChRs
in granulocytes has been [3H]-nicotine or [3H]-epibatidine binding on the cell surface or in
homogenates. A further refinement, using affinity purification of homogenates with nAChR
antibodies prior to epibatidine binding has been reported in studies of the CNS (Marks et a/.
2011; Fasoli et al. 2016). This combination of affinity purification with radioligand
quantitation could provide valuable information on changes in nAChR levels in response to
nicotine. Additionally, while qualitative immunoblotting for human granulocyte nAChR
expression has been reported in the literature, quantitative studies following nicotine
stimulation have not been reported. Immunoblots have previously been used to quantify
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changes in NAChR subunit expression in other models such as the mammalian CNS and
would provide valuable information about how nAChR subunits and other proteins are
affected by chronic nicotine in granulocytes (Parker et al. 2004; Hussmann et al. 2014;
Alsharari et al. 2015; Fasoli et al. 2016; Pistillo et al. 2016).

Several studies have demonstrated the capability of mass spectrometry to identify general
protein changes in response to chronic nicotine in a variety of neuronal and, non-neuronal
tissues of both mice and humans (Nordman et a/. 2014; Paulo et al. 2015; McClure-Begley
et al. 2016). The unique strength of mass spectrometry is the unbiased ability to identify
novel changes in protein expression in various populations.

Value may be added by the investigation of biomarkers in basophils, eosinophils, and
neutrophils in addition to total granulocytes. Affinity purification for one or more of the
available basophil, eosinophil, and neutrophil selection markers, coupled with
immunoblotting or mass spectrometry, could result in the identification of important
biomarkers that may be overlooked in total granulocyte preparations.

Summary and future

Proteins that are upregulated or downregulated in response to nicotine may be useful as
markers of nicotine/tobacco exposure. Granulocytes offer several advantages as potential
models in which to identify protein markers. They are abundant in peripheral blood,
obtainable from reasonable blood draw volumes, and endogenously express nAChRs. The
expression of NAChRs may serve as protein markers of nicotine usage since they have been
shown to upregulate in response to nicotine exposure. Nicotinic receptors and nicotinic
receptor subunits therefore are of interest as protein markers of nicotine use. Epibatidine and
nicotine binding increase in granulocytes of smokers versus non-smokers, suggesting
nAChRs that contain a3, a4, and/or 2 subunits increase in smokers. Non-nAChR
peripheral protein markers in human granulocytes may also prove to be useful nicotine
exposure markers. The reported variation in the effects of nicotine exposure on expression of
several of these potential protein markers highlights the necessity for further investigation
using consistent models of nicotine exposure. Ideally, to reflect the true clinical effect of
nicotine and cigarette smoke, comparisons of protein markers should be made in
granulocytes isolated from smokers versus non-smokers.

It is also possible that nAChRs have functions independent of their role as ion channels.
These additional functions may be stimulated naturally by acetylcholine, or pathologically
by chronic exposure to nicotine. This possibility highlights the potential involvement of
proteins physically interacting with nAChRs (lho et al. 2003; Cloez-Tayarani and Changeux
2007; Paulo et al. 2009; Lester et al. 2012; Nordman and Kabbani 2012; Nordman et a/.
2014). Identification of non-nAChR protein expression changes using mass spectrometry,
either by querying total proteomic changes in response to chronic nicotine or specifically
focusing on proteins interacting with nAChRs, may lead to the identification of protein
markers in smokers and non-smokers. Mass spectrometry has already been used to
investigate NAChR involvement in immune function in a recent investigation of CD4* T
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lymphocytes (Nordman et al. 2014). Applied to granulocytes, this approach could become a
powerful tool to identify cohorts of protein markers following nicotine use.

The identification of additional protein markers unique to different populations of nicotine
users may yield therapeutically beneficial information. Some of the human studies reviewed
here incorporate an assessment of nicotine dependence or addiction, such as the Fagerstrém
test for nicotine dependence (Heatherton et a/. 1991). Additional studies evaluating changes
in protein expression may allow for correlation between protein markers and assessments of
dependence/addiction.

Nicotine usage, commonly through cigarette smoking, is an important medical and public
health issue. The landscape of nicotine delivery products is changing and tools to evaluate,
to identify potentially harmful effects and to regulate these new products are required. In
addition to changes in the expression of intact nAChRs and nAChR subunits, several hon-
nAChR proteins have been shown to have altered protein expression in granulocytes of
smokers compared with non-smokers. These points highlight granulocytes as an ideal model
for the identification and use of peripheral protein markers of nicotine usage. Additional
study of granulocytes may enable the identification of reliable protein markers that can
contribute to the understanding of the effects of chronic nicotine usage in humans.
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NFxB nuclear factor x-light-chain-enhancer of activated B cells
PMNs polymorphonuclear leukocytes
a-bgtx a-bungarotoxin

References

Ahijevych K, Garrett BE. The role of menthol in cigarettes as a reinforcer of smoking behavior.
Nicotine Tob Res. 2010; 12(Suppl 2):S110-S116. [PubMed: 21177367]

Albuquerque EX, Pereira EF, Alkondon M, Rogers SW. Mammalian nicotinic acetylcholine receptors:
from structure to function. Physiol Rev. 2009; 89:73-120. [PubMed: 19126755]

Alsharari SD, King JR, Nordman JC, Muldoon PP, Jackson A, Zhu AZ, Tyndale RF, Kabbani N,
Damaj MI. Effects of menthol on nicotine pharmacokinetic, pharmacology and dependence in mice.
PLoS ONE. 2015; 10:e0137070. [PubMed: 26355604]

Armstrong LW, Rom WN, Martiniuk FT, Hart D, Jagirdar J, Galdston M. Nicotine enhances
expression of the neutrophil elastase gene and protein in a human myeloblast/promyelocyte cell
line. Am J Respir Crit Care Med. 1996; 154:1520-1524. [PubMed: 8912774]

Benfante R, Antonini RA, De Pizzol M, Gotti C, Clementi F, Locati M, Fornasari D. Expression of the
a7 nAChR subunit duplicate form (CHRFAMTYA) is down-regulated in the monocytic cell line
THP-1 on treatment with LPS. J Neuroimmunol. 2011; 230:74-84. [PubMed: 20926142]

Benhammou K, Lee M, Strook M, Sullivan B, Logel J, Raschen K, Gotti C, Leonard S. [3H]Nicotine
binding in peripheral blood cells of smokers is correlated with the number of cigarettes smoked per
day. Neuropharmacology. 2000; 39:2818-2829. [PubMed: 11044752]

Blanchet MR, Langlois A, Israel-Assayag E, Beaulieu MJ, Ferland C, Laviolette M, Cormier Y.
Modulation of eosinophil activation in vitro by a nicotinic receptor agonist. J Leukoc Biol. 2007;
81:1245-1251. [PubMed: 17289799]

Boxio R, Bossenmeyer-Pourie C, Steinckwich N, Dournon C, Nusse O. Mouse bone marrow contains
large numbers of functionally competent neutrophils. J Leukoc Biol. 2004; 75:604-611. [PubMed:
14694182]

Breese CR, Marks MJ, Logel J, Adams CE, Sullivan B, Collins AC, Leonard S. Effect of smoking
history on [3H] nicotine binding in human postmortem brain. J Pharmacol Exp Ther. 1997; 282:7-
13. [PubMed: 9223534]

Brody AL, Mukhin AG, La Charite J, et al. Up-regulation of nicotinic acetylcholine receptors in

menthol cigarette smokers. Int J Neuropsychopharmacol. 2013; 16:957-966. [PubMed: 23171716]

Cabanis A, Gressier B, Lebegue S, Brunet C, Dine T, Luyckx M, Cazin M, Cazin JC. A rapid density
gradient technique for separating polymorphonuclear granulocytes. APMIS. 1994; 102:119-121.
[PubMed: 8167007]

Chang E, Forsherg EC, Wu J, Bingyin W, Prohaska SS, Allsopp R, Weissman IL, Cooke JP.
Cholinergic activation of hematopoietic stem cells: role in tobacco-related disease? Vasc Med.
2010; 15:375-385. [PubMed: 20926497]

Cloez-Tayarani I, Changeux JP. Nicotine and serotonin in immune regulation and inflammatory
processes: a perspective. J Leukoc Biol. 2007; 81:599-606. [PubMed: 17108054]

Coquery CM, Loo W, Buszko M, Lannigan J, Erickson LD. Optimized protocol for the isolation of
spleen-resident murine neutrophils. Cytometry A. 2012; 81:806-814. [PubMed: 22760952]

Cormier A, Paas Y, Zini R, Tillement JP, Lagrue G, Changeux JP, Grailhe R. Long-term exposure to
nicotine modulates the level and activity of acetylcholine receptors in white blood cells of smokers
and model mice. Mol Pharmacol. 2004; 66:1712-1718. [PubMed: 15383622]

Costantini TW, Dang X, Coimbra R, Eliceiri BP, Baird A. CHRFAMT7A, a human-specific and
partially duplicated a7-nicotinic acetylcholine receptor gene with the potential to specify a human-
specific inflammatory response to injury. J Leukoc Biol. 2015a; 97:247-257. [PubMed: 25473097]

Costantini TW, Dang X, Yurchyshyna MV, Coimbra R, Eliceiri BP, Baird A. A human-specific a7-
nicotinic acetylcholine receptor gene in human leukocytes: identification, regulation and the
consequences of CHRFAM7A expression. Mol Med. 2015b; 21:323-336. [PubMed: 25860877]

J Neurochem. Author manuscript; available in PMC 2018 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mulcahy and Lester

Page 13

Devi S, Laning J, Luo Y, Dorf ME. Biologic activities of the B-chemokine TCA3 on neutrophils and
macrophages. J Immunol. 1995; 154:5376-5383. [PubMed: 7730638]

van Eeden SF, Hogg JC. The response of human bone marrow to chronic cigarette smoking. Eur Respir
J. 2000; 15:915-921. [PubMed: 10853859]

Fasoli F, Moretti M, Zoli M, Pistillo F, Crespi A, Clementi F, Mc Clure-Begley T, Marks MJ, Gotti C.
In vivo chronic nicotine exposure differentially and reversibly affects upregulation and
stoichiometry of a4B2 nicotinic receptors in cortex and thalamus. Neuropharmacology. 2016;
108:324-331. [PubMed: 27157710]

Fujii T, Kawashima K. An independent non-neuronal cholinergic system in lymphocytes. Jpn J
Pharmacol. 2001; 85:11-15. [PubMed: 11243565]

Fujii T, Takada-Takatori Y, Kawashima K. Basic and clinical aspects of non-neuronal acetylcholine:
expression of an independent, non-neuronal cholinergic system in lymphocytes and its clinical
significance in immunotherapy. J Pharmacol Sci. 2008; 106:186-192. [PubMed: 18285654]

Geering B, Stoeckle C, Conus S, Simon HU. Living and dying for inflammation: neutrophils,
eosinophils, basophils. Trends Immunol. 2013; 34:398-409. [PubMed: 23665135]

Grzela K, Litwiniuk M, Zagorska W, Grzela T. Airway remodeling in chronic obstructive pulmonary
disease and asthma: the role of matrix metalloproteinase-9. Archivum immunologiae et therapiae
experimentalis. 2016; 64:47-55.

Heatherton TF, Kozlowski LT, Frecker RC, Fagerstrom KO. The Fagerstrom test for nicotine
dependence: a revision of the Fagerstrom Tolerance Questionnaire. Br J Addict. 1991; 86:1119—
1127. [PubMed: 1932883]

Henderson BJ, Lester HA. Inside-out neuropharmacology of nicotinic drugs. Neuropharmacology.
2015; 96:178-193. [PubMed: 25660637]

Hoss W, Lin JP, Matchett S, Davies BD. Characterization of noncholinergic nicotine receptors on
human granulocytes. Biochem Pharmacol. 1986; 35:2367-2372. [PubMed: 3729993]

Hussmann GP, DeDominicis KE, Turner JR, et al. Chronic sazetidine-A maintains anxiolytic effects
and slower weight gain following chronic nicotine without maintaining increased density of
nicotinic receptors in rodent brain. J Neurochem. 2014; 129:721-731. [PubMed: 24422997]

lho S, Tanaka Y, Takauji R, et al. Nicotine induces human neutrophils to produce IL-8 through the
generation of peroxynitrite and subsequent activation of NF-xB. J Leukoc Biol. 2003; 74:942-951.
[PubMed: 12960242]

Kageyama-Yahara N, Suehiro Y, Yamamoto T, Kadowaki M. IgE-induced degranulation of mucosal
mast cells is negatively regulated via nicotinic acetylcholine receptors. Biochem Biophys Res
Commun. 2008; 377:321-325. [PubMed: 18848921]

Kawashima K, Fujii T, Moriwaki Y, Misawa H. Critical roles of acetylcholine and the muscarinic and
nicotinic acetylcholine receptors in the regulation of immune function. Life Sci. 2012; 91:1027-
1032. [PubMed: 22659391]

Kindt F, Wiegand S, Niemeier V, et al. Reduced expression of nicotinic a subunits 3, 7, 9 and 10 in
lesional and nonlesional atopic dermatitis skin but enhanced expression of a subunits 3 and 5 in
mast cells. Br J Dermatol. 2008; 159:847-857. [PubMed: 18671783]

Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and inflammation. Nat Rev
Immunol. 2013; 13:159-175. [PubMed: 23435331]

Lebargy F, Benhammou K, Morin D, Zini R, Urien S, Bree F, Bignon J, Branellec A, Lagrue G.
Tobacco smoking induces expression of very-high-affinity nicotine binding sites on blood
polymorphonuclear cells. Am J Respir Crit Care Med. 1996; 153:1056-1063. [PubMed: 8630545]

Lester HA, Miwa JM, Srinivasan R. Psychiatric drugs bind to classical targets within early exocytotic
pathways: therapeutic effects. Biol Psychiatry. 2012; 72:907-915. [PubMed: 22771239]

de Lucas-Cerrillo AM, Maldifassi MC, Arnalich F, et al. Function of partially duplicated human a.7
nicotinic receptor subunit CHRFAM7A gene: potential implications for the cholinergic anti-
inflammatory response. J Biol Chem. 2011; 286:594-606. [PubMed: 21047781]

Marks MJ, Collins CA. Characterization of nicotinic binding in mouse brain and comparison with
binding of a-bungarotoxin and quinuclidinyl benzilate. Mol Pharmacol. 1982; 22:554-564.
[PubMed: 7155123]

J Neurochem. Author manuscript; available in PMC 2018 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mulcahy and Lester

Page 14

Marks MJ, Stitzel JA, Collins AC. Time course study of the effects of chronic nicotine infusion on
drug response and brain receptors. J Pharmacol Exp Ther. 1985; 235:619-628. [PubMed:
4078726]

Marks MJ, Stitzel JA, Grady SR, Picciotto MR, Changeux JP, Collins AC. Nicotinic-agonist stimulated
86Rp*efflux and [3H]epibatidine binding of mice differing in B2 genotype. Neuropharmacology.
2000; 39:2632-2645. [PubMed: 11044733]

Marks MJ, McClure-Begley TD, Whiteaker P, Salminen O, Brown RW, Cooper J, Collins AC,
Lindstrom JM. Increased nicotinic acetylcholine receptor protein underlies chronic nicotine-
induced up-regulation of nicotinic agonist binding sites in mouse brain. J Pharmacol Exp Ther.
2011; 337:187-200. [PubMed: 21228066]

Martelli D, McKinley MJ, McAllen RM. The cholinergic anti-inflammatory pathway: a critical review.
Auton Neurosci. 2014; 182:65-69. [PubMed: 24411268]

McClure-Begley TD, Esterlis I, Stone KL, Lam TT, Grady SR, Colangelo CM, Lindstrom JM, Marks
MJ, Picciotto MR. Evaluation of the nicotinic acetylcholine receptor-associated proteome at
baseline and following nicotine exposure in human and mouse cortex. eNeuro. 2016:3.

Millar NS, Gotti C. Diversity of vertebrate nicotinic acetylcholine receptors. Neuropharmacology.
2009; 56:237-246. [PubMed: 18723036]

van de Nobelen S, Kienhuis AS, Talhout R. An inventory of methods for the assessment of additive
increased addictiveness of tobacco products. Nicotine Tob Res. 2016; 18:1546-1555. [PubMed:
26817491]

Nordman JC, Kabbani N. An interaction between a7 nicotinic receptors and a G-protein pathway
complex regulates neurite growth in neural cells. J Cell Sci. 2012; 125:5502-5513. [PubMed:
22956546]

Nordman JC, Muldoon P, Clark S, Damaj MI, Kabbani N. The a4 nicotinic receptor promotes CD4 +
T-cell proliferation and a helper T-cell immune response. Mol Pharmacol. 2014; 85:50-61.
[PubMed: 24107512]

Olofsson PS, Rosas-Ballina M, Levine YA, Tracey KJ. Rethinking inflammation: neural circuits in the
regulation of immunity. Immunol Rev. 2012; 248:188-204. [PubMed: 22725962]

Palmer RM, Wilson RF, Hasan AS, Scott DA. Mechanisms of action of environmental factors—tobacco
smoking. J Clin Periodontol. 2005; 32(Suppl 6):180-195. [PubMed: 16128837]

Parker SL, Fu Y, McAllen K, Luo J, MclIntosh JM, Lindstrom JM, Sharp BM. Up-regulation of brain
nicotinic acetylcholine receptors in the rat during long-term self-administration of nicotine:
disproportionate increase of the a6 subunit. Mol Pharmacol. 2004; 65:611-622. [PubMed:
14978239]

Paulo JA, Brucker WJ, Hawrot E. Proteomic analysis of an a7 nicotinic acetylcholine receptor
interactome. J Proteome Res. 2009; 8:1849-1858. [PubMed: 19714875]

Paulo JA, Gaun A, Gygi SP. Global analysis of protein expression and phosphorylation levels in
nicotine-treated pancreatic stellate cells. J Proteome Res. 2015; 14:4246-4256. [PubMed:
26265067]

Peng X, Gerzanich V, Anand R, Wang F, Lindstrom J. Chronic nicotine treatment up-regulates a.3 and
a7 acetylcholine receptor subtypes expressed by the human neuroblastoma cell line SH-SY5Y.
Mol Pharmacol. 1997; 51:776-784. [PubMed: 9145915]

Perry DC, Davila-Garcia Ml, Stockmeier CA, Kellar KJ. Increased nicotinic receptors in brains from
smokers: membrane binding and autoradiography studies. J Pharmacol Exp Ther. 1999; 289:1545—
1552. [PubMed: 10336551]

Pistillo F, Fasoli F, Moretti M, McClure-Begley T, Zoli M, Marks MJ, Gotti C. Chronic nicotine and
withdrawal affect glutamatergic but not nicotinic receptor expression in the mesocorticolimbic
pathway in a region-specific manner. Pharmacol Res. 2016; 103:167-176. [PubMed: 26631628]

Rabinoff M, Caskey N, Rissling A, Park C. Pharmacological and chemical effects of cigarette
additives. Am J Public Health. 2007; 97:1981-1991. [PubMed: 17666709]

RodakBF, , CarrJH. Clinical Hematology AtlasElsevier; 3251 Riverport Lane, St. Louis, Missouri
63043: 2016

J Neurochem. Author manuscript; available in PMC 2018 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mulcahy and Lester

Page 15

Ryder MI, Fujitaki R, Lebus S, Mahboub M, Faia B, Muhaimin D, Hamada M, Hyun W. Alterations of
neutrophil L-selectin and CD18 expression by tobacco smoke: implications for periodontal
diseases. J Periodontal Res. 1998; 33:359-368. [PubMed: 9777587]

Safronova VG, Vulfius CA, Shelukhina IV, et al. Nicotinic receptor involvement in regulation of
functions of mouse neutrophils from inflammatory site. Immunobiology. 2016; 221:761-772.
[PubMed: 26965141]

Schwartz RD, Kellar KJ. In vivo regulation of [3H] acetylcholine recognition sites in brain by nicotinic
cholinergic drugs. J Neurochem. 1985; 45:427-433. [PubMed: 4009168]

Serobyan N, Jagannathan S, Orlovskaya I, Schraufstatter I, Skok M, Loring J, Khaldoyanidi S. The
cholinergic system is involved in regulation of the development of the hematopoietic system. Life
Sci. 2007; 80:2352-2360. [PubMed: 17512954]

Sieburg HB, Rezner BD, Muller-Sieburg CE. Predicting clonal self-renewal and extinction of
hematopoietic stem cells. Proc Natl Acad Sci USA. 2011; 108:4370-4375. [PubMed: 21368169]

Simon SI, Kim MH. A day (or 5) in a neutrophil’s life. Blood. 2010; 116:511-512. [PubMed:
20671133]

Sinkus ML, Graw S, Freedman R, Ross RG, Lester HA, Leonard S. The human CHRNA7 and
CHRFAM7YA genes: a review of the genetics, regulation, and function. Neuropharmacology. 2015;
96:274-288. [PubMed: 25701707]

Sorensen LT, Nielsen HB, Kharazmi A, Gottrup F. Effect of smoking and abstention on oxidative burst
and reactivity of neutrophils and monocytes. Surgery. 2004; 136:1047-1053. [PubMed: 15523399]

Speer P, Zhang Y, Gu Y, Lucas MJ, Wang Y. Effects of nicotine on intercellular adhesion molecule
expression in endothelial cells and integrin expression in neutrophils in vitro. Am J Obstet
Gynecol. 2002; 186:551-556. [PubMed: 11904622]

Staley JK, Krishnan-Sarin S, Cosgrove KP, et al. Human tobacco smokers in early abstinence have
higher levels of p2* nicotinic acetylcholine receptors than nonsmokers. J Neurosci. 2006;
26:8707-8714. [PubMed: 16928859]

Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER. Neutrophil kinetics in
health and disease. Trends Immunol. 2010; 31:318-324. [PubMed: 20620114]

Swamydas M, Luo Y, Dorf ME, Lionakis MS. Isolation of mouse neutrophils. Curr Protoc Immunol.
2015; 110:3 20.21-23.20.15. [PubMed: 26237011]

Tak T, Tesselaar K, Pillay J, Borghans JA, Koenderman L. What’s your age again? Determination of
human neutrophil half-lives revisited. J Leukoc Biol. 2013; 94:595-601. [PubMed: 23625199]

Talhout R, Schulz T, Florek E, van Benthem J, Wester P, Opperhuizen A. Hazardous compounds in
tobacco smoke. Int J Environ Res Public Health. 2011; 8:613-628. [PubMed: 21556207]

Tanaka S, Sakai A, Tanaka M, Otomo H, Okimoto N, Sakata T, Nakamura T. Skeletal unloading
alleviates the anabolic action of intermittent PTH(1-34) in mouse tibia in association with
inhibition of PTH-induced increase in c-fos mRNA in bone marrow cells. J Bone Miner Res. 2004;
19:1813-1820. [PubMed: 15476581]

Villiger Y, Szanto I, Jaconi S, Blanchet C, Buisson B, Krause KH, Bertrand D, Romand JA. Expression
of an a7 duplicate nicotinic acetylcholine receptor-related protein in human leukocytes. J
Neuroimmunol. 2002; 126:86-98. [PubMed: 12020960]

Vukelic M, Qing X, Redecha P, Koo G, Salmon JE. Cholinergic receptors modulate immune complex-
induced inflammation in vitro and in vivo. J Immunol. 2013; 191:1800-1807. [PubMed:
23851693]

Watson BM, Oliveria JP, Nusca GM, et al. Inhibition of allergen-induced basophil activation by
ASM-024, a nicotinic receptor ligand. Int Arch Allergy Immunol. 2014; 165:255-264. [PubMed:
25660404]

Whiteaker P, Jimenez M, Mclntosh JM, Collins AC, Marks MJ. Identification of a novel nicotinic
binding site in mouse brain using [125I]-epibatidine. Br J Pharmacol. 2000; 131:729-739.
[PubMed: 11030722]

Wickham RJ. How menthol alters tobacco-smoking behavior: a biological perspective. Yale J Biol
Med. 2015; 88:279-287. [PubMed: 26339211]

Williams TW, Lyons JM, Braude Al. In vitro lysis of target cells by rat polymorphonuclear leukocytes
isolated from acute pyelonephritic exudates. J Immunol. 1977; 119:671-674. [PubMed: 886190]

J Neurochem. Author manuscript; available in PMC 2018 July 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mulcahy and Lester Page 16

Xu M, Scott JE, Liu KZ, Bishop HR, Renaud DE, Palmer RM, Soussi-Gounni A, Scott DA. The
influence of nicotine on granulocytic differentiation - inhibition of the oxidative burst and bacterial
killing and increased matrix metalloproteinase-9 release. BMC Cell Biol. 2008; 9:19. [PubMed:
18412948]

Yamamoto T, Kodama T, Lee J, Utsunomiya N, Hayashi S, Sakamoto H, Kuramoto H, Kadowaki M.
Anti-allergic role of cholinergic neuronal pathway via a7 nicotinic ACh receptors on mucosal
mast cells in a murine food allergy model. PLoS ONE. 2014; 9:e85888. [PubMed: 24454942]

J Neurochem. Author manuscript; available in PMC 2018 July 24.



Page 17

Mulcahy and Lester

‘pajou are (x36g-o) uixolosebung-o Jo ‘(g3) auipieqids ‘(21N) aunodiu spuebi| Jo Buipuiq Buisn saipnis “Ajjeal10ads payebinsaaul aiam sjiydoursoa pue sjiydoseq 41 10 pare|os alom
$91400|nuRb |B10] Jay1aym Ssarealipul uolesedald a1Ad0[nuelS) “sa19ads pue adA) 81890 nurlb Ag paysinBunsip si01dadal pajquiasse Jo/pue ‘(utalosd) spungns ‘(YNYW) siduoasues) Yydwu JO UoewIuoD

‘parebnsanul 10N “I'N ‘BULINA ‘A ‘uewnH ‘H

910z 729 enouoyes  xibg-o ‘zdgped ‘Zde™ I'N v—¢d ‘60 ‘1—zo N a1A00|nuelb [ejoL
2002 7273 13B1IA I'N A L H 81Ao0|nuelb 101
966T /278 Abrega 9IN I'N I'N H a1ko0jnuesb [e1oL
€00¢ 7249 0y| zdem ‘I'N I'N H a1A00[nuelb [e10]

986T /2 J9 SSOH OIN I'N I'N H a1Ad0[nuelb |eloL

Y002 /218 131wi0D x16g-0 ‘g3 I'N ‘I'N H a1400|nuesb [el0L
0002 /2 J2 nowwreyuag zdye 'yder OIN vd ‘2d 'L 'y gD TN H a1koonuesb eloL
L00¢ /2 }9 18youe|d I'N Lo 'yo ‘gD L 'yo ‘gD H 1iydouiso3
¥10¢C 72 J& Uosiep\ %D 'x¥D ‘xGD/ED/TD /D ‘yD ‘GD/ED/TD T'N H llydoseg
20Ud BJoY 1010990y upold sidiosuel YNHW  S9109ds  uolresedsud 81k00|nue 19

s91400|nNuUrIB BuLINW pue uewNny Ul SYYDWU JO uoissaidx3

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Neurochem. Author manuscript; available in PMC 2018 July 24.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mulcahy and Lester

Table 2

Changes in nicotinic ligand binding in granulocytes of smokers compared to non-smokers

[®H]-Nicotine  [3H]-Epibatidine [*?I]-a-bungarotoxin  Reference

Increase Lebargy et al. 1996, Benhammou et a/. 2000
Increase (N.S)) Cormier et al. 2004

N.S., not significant.

Page 18

Effects of smoking on nicotine, epibatidine, and a-bgtx binding. Nicotine and epibatidine primarily bind to a3*, a4*, p2*, and p4* nAChRs while
a-bgtx binds to a7-nAChRs selectively. Comparing granulocytes of smokers to non-smokers, increases in binding were observed for both nicotine

and epibatidine, but no increase in binding was observed for a.-bgtx.
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