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Abstract

Genetics are known to be a significant risk factor for drug abuse. In human populations, the single
nucleotide polymorphism (SNP) D398N in the gene CHRNAS5 has been associated with addiction
to nicotine, opioids, cocaine, and alcohol. In this paper, we review findings from studies in
humans, rodent models, and cell lines and provide evidence that collectively suggests that the
Chrna5 SNP broadly influences the response to drugs of abuse in a manner that is not substance-
specific. This finding has important implications for our understanding of the role of the
cholinergic system in reward and addiction vulnerability.

1. Introduction

Drug abuse liability is known to have a strong heritable component. Genetics account for as
much as 75% of the risk for nicotine dependence (Kendler et al., 1999; Vink et al., 2005),
and as much as 80% of the risk for cocaine and opioid dependence (Goldman et al., 2005).
Human genome-wide association studies (GWAS) have identified common single nucleotide
polymorphisms (SNPs) in a number of genes that are relevant to drug addiction. Among
these, a SNP in the gene CHRNAS, which encodes the a5 subunit of the nicotinic
acetylcholine receptor (NAChR), has been repeatedly associated with dependence to multiple
substances. a.5-containing nAChRs are located in regions of the cortex, striatum,
hippocampus, thalamus, amygdala, and midbrain (Berrettini et al., 2008; Flora et al., 2000;
Hsu et al., 2013; Wada et al., 1990) and thus are well-positioned to influence the expression
of reward and addictive behaviors.

The SNP rs16969968 in CHRNAS5 changes codon 398 from GAT encoding Aspartate (D) to
AAT encoding Asparagine (N) (D398N). The prevalence of the minor allele (A, encoding
asparagine) varies by ethnicity, with a ~35% frequency among European-origin populations
but relatively uncommon frequency (~1-5%) among Asian and African populations (Bierut
et al., 2008; M. D. Li et al., 2010; N. L. Saccone et al., 2009b). Overall, an estimated 28% of
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the worldwide population carry at least one copy of the minor ‘A’ allele (O’Neill et al.,
2018).

The non-synonymous change from G to A has been shown to affect calcium permeability
and concentration-response curves of receptor binding to a nicotine agonist /in vitro (Bierut
et al., 2008). The D398N SNP was first associated with risk for nicotine dependence over a
decade ago (S. F. Saccone et al., 2007), and numerous studies have since corroborated this
finding (L.-S. Chen et al., 2009; X. Chen et al., 2009; M. Liu et al., 2019; N. L. Saccone et
al., 2009b; 2009a; Winterer et al., 2010). The minor ‘A’ allele has been linked to smoking
heaviness (Bierut et al., 2008; Conlon and Bewick, 2011; J. Z. Liu et al., 2010; Perez-
Morales et al., 2018; N. L. Saccone et al., 2010; Stevens et al., 2008) (Hallfors et al., 2013),
pleasurable early smoking experiences (Sherva et al., 2008), delayed smoking cessation (L.-
S. Chen et al., 2015) and greater enhancement in cognitive performance following nicotine
exposure (Jensen et al., 2015).

Though some studies have found no association of the SNP with nicotine dependence
(Amos et al., 2010; Erlich et al., 2010; Etter et al., 2009; Tomaz et al., 2018; Verde et al.,
2011), the lack of association could be due to limitations such as small sample sizes, a study
population with low variant frequency, a study population that has been ascertained for a
different disease phenotype or a combination of these issues. Together, these studies
demonstrate the importance of both quantity in GWAS and quality of phenotypic data, in
order to understand the contribution of SNPs to complex diseases like drug dependence.

The association of the CHRNA5 SNP with other drugs of abuse has been less well-studied.
For example, studies examining the influence of CHRNA5 D398N on alcohol phenotypes
have been inconclusive. At least one study has identified an association of this SNP with
decreased risk for symptoms of alcohol dependence (X. Chen et al., 2009) while others have
found no association of the CHRNAS SNP with alcohol dependence (Hallfors et al., 2013;
M. Liu et al., 2019; Sherva et al., 2010; Wang et al., 2009). There is a strong correlation
between smoking and alcohol abuse; comorbidity is higher in men compared to women and
rates of comorbid smoking and alcohol use are highest among young smokers (Falk et al.,
2006). However, in one of the largest GWAS studies of nicotine and alcohol phenotypes, the
CHRNAS5 SNP was associated with smoking, specifically cigarettes per day, but not with
alcohol use (drinks per week) (M. Liu et al., 2019).

In addition to nicotine and alcohol dependence, human GWAS and candidate SNP studies
have also linked CHRNAS5 D398N to risk for dependence to opioids (Curtis et al., 2017,
Erlich et al., 2010) and cocaine (Aroche et al., 2020; Grucza et al., 2008; Sherva et al.,
2010). It should be noted that in several of these studies, individuals were co-dependent on
more than one drug. Multiple substance dependence diagnoses might limit the ability to
detect some associations and even obscure assessments of risk for various drug classes.

A limited number of studies have demonstrated that the direction of the association of
CHRNAS5 D398N with cocaine and alcohol is the opposite to that of nicotine and opioids;
Specifically, for nicotine and opiate dependence, the minor ‘A’ allele is associated with risk.
In contrast, for alcohol and cocaine dependence, the minor ‘A’ allele is protective (see
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section 2.4). One study has proposed that the opposite associations with nicotine and alcohol
could reflect differences in the physiological effects of the two drugs; specifically, that a
genetic predisposition to favor stimulant drugs could make an individual less inclined to
prefer depressant drugs (X. Chen et al., 2009). However, considering subsequent evidence
that the association with opioids is in the same direction as with nicotine and that the
association with cocaine is in the same direction as alcohol, this seems unlikely. Another
possibility is that the opposite associations reflect different mechanisms of action for these
drugs—more specifically, direct and indirect dopaminergic mechanisms (Aroche et al.,
2020; Grucza et al., 2008).

The mesolimbic dopamine neurons are part of a well-defined pathway involved in reward
processing. This pathway consists primarily of dopamine fibers arising in the ventral
tegmental area (VTA) and projecting to the nucleus accumbens (NAc). GABAergic
interneurons in the VTA maintain a tonic inhibition over dopaminergic neurons, whereas
glutamatergic inputs from the prefrontal cortex serve to excite these neurons (Johnson and
North, 1992; Kalivas et al., 1989; Sesack and Pickel, 1992; Taber et al., 1995). Nicotinic
receptors (NAChRSs) are present throughout the brain on dopamine, GABA and glutamate
containing neurons (Mansvelder and McGehee, 2002), and the relative amounts of receptors
and subunit specificity can vary from cell to cell.

The activation of nAChR receptors specifically in the VTA is thought to underlie the
rewarding effects of nicotine. Nicotine has been shown to activate and desensitize VTA
dopamine cells (Calabresi et al., 1989; Pidoplichko et al., 1997). Thus, the presence of the
CHRNA5 SNP, which results in reduced calcium signaling, could directly modulate
dopamine release. In addition, reduced function of a.5-containing nNAChRs could attenuate
nicotine-induced GABA transmission, thereby disinhibiting dopaminergic signaling,
resulting in increased dopamine release (Mansvelder et al., 2002). Mu opioid receptors are
expressed on GABAergic neurons in the VTA and activation of these receptors inhibits
calcium conductance, leading to inhibition of GABA transmission and disinhibiting
dopaminergic signaling, also resulting in increased dopamine release in the NAc (Matsui et
al., 2014; Sugita et al., 1992). Reduced function of a.5-containing nAChRs could further
attenuate opioid-induced GABAergic transmission which may enhance increased dopamine
release. The association of the CHRNAS ‘A’ allele with risk for both nicotine and opioids
may result from this common underlying neurochemical mechanism.

In contrast, cocaine, which binds directly to dopamine transporters to block reuptake of
neurotransmitter, exerts its rewarding effect by increasing extracellular levels of dopamine in
the NAc (Carlezon et al., 1995; Liao et al., 2000). Thus, in the presence of the CHRNAS
SNP, a5-containing nAChRs in the NAc could modulate downstream neural activity,
reducing the impact of dopamine receptor activation and thereby serving a protective role
(Grucza et al., 2008).

In the remainder of this review, we integrate findings from across studies in humans, animal
models and cell lines that serve to elucidate the influence of CHRNA5D398N on drug
response and addiction vulnerability. First, we discuss human neuroimaging studies that
corroborate the association of CHRNA5D398N with substance abuse. We then discuss
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studies in rodent models that have identified specific behaviors that are impacted by the
presence of this SNP. Third, we consider /in7 vitro studies that promote a mechanistic
understanding of the influence of this SNP on cellular processes that could ultimately impact
behavior. Finally, we close with a discussion of recommendations for future work that may
serve to fill gaps in our current understanding of how CHRNAS5D398N influences drug
abuse liability.

2. Human neuroimaging studies

2.1. Circuitry implicated in human drug abuse phenotypes

Human functional neuroimaging (fMRI) studies of drug dependence have identified neural
correlates of drug cue reactivity, dependence and withdrawal (Karoly et al., 2013; Sutherland
et al., 2012; Yalachkov et al., 2012). Many of the regions implicated in these processes
express a5-containing nAChRs, and their activity could be subject to modulation by
CHRNAS genotype. Resting-state fMRI studies have revealed altered connectivity strength
between the ventral striatum, cortical, and subcortical regions in individuals with substance
use disorders compared to age-matched controls (Kelly et al., 2011; J. Liu et al., 2009; Ma et
al., 2010; Sutherland et al., 2012). While human neuroimaging studies cannot discern
whether alterations in functional connectivity lead to addiction or result from chronic drug
use, such studies that have provided insight into how CHRNAS5 D398N mediates systems-
level neural circuitry.

2.2. Neural correlates of smoking risk

The first neuroimaging study on CHRNAS5 D398N found that resting-state functional
connectivity between the dorsal ACC (dACC) and ventral striatum (VS) is moderated by
CHRNAS genotype, independent of smoking status (Hong et al., 2010). Across multiple
ethnic backgrounds and both sexes, carriers of the ‘A’ allele at CHRNA5D398N display
reduced functional connectivity between these two brain regions (Hong et al., 2010). Given
the important roles of the dACC and VS in cognitive control and reward, respectively, lower
functional connectivity between these regions could be related to behavioral dysfunction
associated with nicotine addiction (Hong et al., 2009). Thus, it follows that impaired dACC-
VS connectivity could predispose ‘A’ allele carriers to smoking.

Sex-specific effects of CHRNAS genotype on neural reactivity in smokers have also been
reported. CHRNAS5 genotype has been found to modulate reactivity to smoking cues in
women smokers (Janes et al., 2012). Prior work suggests that smoking cues elicit stronger
cravings in women than in men (Field and Duka, 2004; Waters et al., 2004). Janes et al.
found that reactivity to smoking cues was lower amongst women with at least one copy of
the ‘A’ allele as compared to women of the G/G genotype. The anterior cingulate cortex
(ACC) and hippocampus are among the regions most frequently implicated in cue reactivity
(YYalachkov et al., 2012). In these studies, cue reactivity was reduced in regions of the cortex,
dorsal striatum, hippocampus and thalamus (Janes et al., 2012). This finding could reflect
adverse effects of CHRNAS5D398N on the formation of hippocampal-dependent drug-cue
memories via its inhibition of nicotine-induced intracellular calcium influx, thus leading to a
weaker response to nicotine associated cues. A later study identified an association of the
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‘A’ allele with smoking cessation success in response to pharmacological treatment among
women, perhaps owing to lower levels of smoking cue reactivity (Tomaz et al., 2018).

CHRNAS genotype has also been found to modestly impact gray matter volume of the
ventromedial prefrontal cortex (vmPFC) in male and female adolescent smokers (Chaarani
etal., 2019). An earlier study provided evidence that the CHRNA5 SNP is associated with
greater enjoyment of early smoking experiences (Sherva et al., 2008), suggesting that it
could be a risk factor for smoking initiation amongst adolescents. Chaarani et al. (2019)
acquired structural MRI data from adolescents at 14 years of age, and again at 16 years of
age. While reductions in vmPFC gray matter were observed in smokers of all genotypes, the
greatest reduction was observed amongst carriers of the A/A genotype. Further, ymPFC
volume in early adolescence (at 14 years of age) was not found to predict smoking status in
later adolescence (at 16 years of age). Therefore, these findings suggest that vmPFC volume
is not predictive of smoking behavior, but rather that even low levels of smoking can
adversely impact brain maturation in a genotype-dependent manner (Chaarani et al., 2019).
Reduced vmPFC volume in adolescents of the A/A genotype could further the risk of
smoking later in life via adverse effects on executive functioning and inhibitory control
(Goriounova and Mansvelder, 2012).

2.3. CHRNAS modulates functional circuitry in opioid users

Although only one candidate SNP study has indicated that the CHRNAS5 SNP is associated
with opioid dependence (Erlich et al., 2010), a recent fMRI study provides evidence that it
moderates functional neural circuitry amongst opioid users (Curtis et al., 2017). Curtis et al.
(2017) determined that in opioid users of the CHRNA5D398N G/G genotype, resting-state
functional connectivity between the right habenula and left caudate is increased relative to
‘A’ allele carriers. Given the role of the habenula in encoding aversion, the authors speculate
that greater opioid dependence amongst ‘A’ allele carriers could be driven by lower levels of
negative reinforcement (Curtis et al., 2017). Lower functional connectivity of the ACh-rich
habenula in humans could be relevant to phenotypes observed in CArna5 null mice,
including preference for high doses of drug that are normally aversive as well as attenuated
withdrawal signs (Fowler et al., 2011; Jackson et al., 2008). The cholinergic system is
known to be implicated in opiate dependence and withdrawal (Neugebauer et al., 2013), and
it is plausible that altered habenula-striatum connectivity represents a common
neurobiological substrate underlying the association of CHRNAS5D398N with increased risk
for both nicotine and opioid dependence.

2.4, Association of CHRNAS5 D398N with cocaine and alcohol dependence

Human candidate SNP studies have also identified associations of the minor ‘A’ allele at
CHRNAS5 D398N with protective effects for alcohol and cocaine dependence (Aroche et al.,
2020; X. Chen et al., 2009; Forget et al., 2020; Grucza et al., 2008; Sherva et al., 2010).
Specifically, Grucza et al. (2008) observed lower frequencies of the minor ‘A’ allele in
cocaine-dependent individuals from two study populations of European descent; Sherva et
al. (2010) observed the same association in a sample of European American and African
American individuals (Grucza et al., 2008; Sherva et al., 2010). In line with these findings,
Aroche et al. (2020) identified a protective effect of the ‘A’ allele for crack-cocaine
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addiction in European-descended patients (Aroche et al., 2020). Furthermore, the
progression from initial cocaine use to disordered use appears to be slower amongst
individuals carrying at least one copy of the ‘A’ allele (Forget et al., 2020).

Chen et al. (2009) identified an association of the ‘G’ allele at CHRNA5 D398N with
symptoms of alcohol use disorder in individuals of European descent (X. Chen et al., 2009).
However, this effect has not been replicated by other studies, (Hallfors et al., 2013; M. Liu et
al., 2019; Sherva et al., 2010; Wang et al., 2009). Methodological differences represent one
possible explanation for this discrepancy in findings. Chen et al. (2009) included in their
study individuals who were “regular drinkers”, meaning that they consumed at least 5 drinks
per month, but may not have met the DSM 1V criteria for alcohol use disorder (X. Chen et
al., 2009). The ‘A’ allele may therefore be associated with lower levels of alcohol
consumption, but may not be protective against alcohol use disorder.

In summary, functional neuroimaging studies have identified genotype differences in regions
of the cortex, thalamus and striatum relevant to drug abuse phenotypes. These studies have
compared individuals carrying one or more copies of the minor ‘A’ allele with individuals
carrying two copies of the major ‘G’ allele. To our knowledge, the association of CHRNAS
D398N with cocaine and alcohol dependence has not been explored in human neuroimaging
studies. Further work in this area will be needed to advance our understanding of the
bidirectional effects of CHRNAS on substance abuse liability across multiple drug classes.

3. Studies in rodent models

3.1. Studies in the Chrna5 null mouse

Although human neuroimaging studies have provided significant insight into systems-level
neural circuitry underlying the association of the CHRNAS5 SNP with drug abuse liability,
their ability to causally link this SNP to specific drug abuse phenotypes is limited. Thus,
mechanistic studies in animal models are necessary. A Chrna5 knock-out mouse line has
been useful for interrogating the function of the a5 nAChR subunit in animal models of drug
abuse. Complete absence of the gene does not recapitulate the subtle difference in function
associated with the SNP; however, as CHRNA5D398N is associated with reduced a5
subunit function, deletion of this gene could approximate some effects of the ‘G’ to ‘A’
nucleotide substitution.

Chrna5 null mice are less sensitive to acute effects of nicotine; specifically, they are less
susceptible to nicotine-induced seizures, hypolocomotion, and antinociception compared to
WT mice (Jackson et al., 2010; Kedmi et al., 2004; Salas et al., 2003). These behavioral
alterations could result from reduced nAChR function within the striatum, thalamus and
hindbrain (Brown et al., 2007; Jackson et al., 2010). ChArna5 deletion has also been shown to
alter nicotine reward, such that Chrna5 null mice develop conditioned place preference for
high doses of nicotine that are not rewarding to WT mice (Jackson et al., 2010). During
nicotine withdrawal, somatic signs and hyperalgesia are lower in Chrna5 null mice
compared with WT, but anxiety-like behavior and conditioned place aversion are unaltered
(Jackson et al., 2008; Salas et al., 2009). Thus, a5 subunits appear to play a role in the
physical signs of withdrawal, but not withdrawal-associated negative affect.
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Seminal work by Fowler et al. (2011) demonstrated that mice lacking a5 nAChR subunits
self-administer more nicotine than WT mice. While WT mice adjusted their responding to
maintain a consistent level of nicotine intake across different doses, CArna5 null mice
maintained their level of responding and consumed greater amounts of nicotine as the dose
increased (Fowler et al., 2011). Of interest, this altered behavioral phenotype could be
reversed by virally expressing Chrna5 within the habenulo-interpeduncular tract of the
Chrna5 null mice. This work provides evidence that the deletion of a5 nAChR subunits
within the habenulo-interpeduncular pathway lessens the inhibitory influence of high doses
of nicotine on activity within the brain’s reward circuitry.

In accordance with the findings of Fowler et al. (2011), a separate study found that not only
do Chrna5null mice consume significantly more nicotine than WT mice at high doses, but
these mice also require a much higher dose to escalate their intake in a nicotine self-
administration paradigm than do WT mice (Morel et al., 2014). Coinciding with these
findings, Chrna5 null mice also require higher doses of nicotine than WT mice to elicit
dopaminergic cell firing within the VTA. Of interest, this altered nicotine self-administration
phenotype could be reversed by virally expressing WT but not SNP a5 subunits within VTA
dopaminergic neurons (Morel et al., 2014). These findings highlight the critical role of a5-
containing nAChRs on VTA dopaminergic neurons in nicotine reward and also demonstrate
the functional impairment associated with the Chrna5 SNP. Collectively, these findings
suggest that a5 subunits expressed within pathways implicated in both aversion (MHb-1PN)
and reward (VTA-NAc) influence nicotine intake.

In mice, loss of the a5 nAChR subunit is also shown to potentiate ethanol-induced ataxia,
hypothermia, hypnosis, and anxiolysis (Dawson et al., 2018; Santos et al., 2013). Ethanol
conditioned place preference (CPP) is attenuated in a.5 knock-out mice relative to wild type
(WT), indicating that the rewarding properties of ethanol are reduced in these mice (Dawson
et al., 2018). In light of this finding, one possible explanation for lower alcohol abuse
liability amongst human ‘A’ allele carriers (X. Chen et al., 2009) could be that the drug is
less reinforcing to these individuals.

While neither cocaine nor opioid reward have been assessed in Chirna5 null mice, the
influence of Chrna5 expression on morphine withdrawal has been examined through
experiments conducted in both the Chrna5 null mouse and in BXD recombinant mouse
lines, which express varying levels of C/rna5 mRNA (Muldoon et al., 2014). A significant
positive correlation between Chrna5 mRNA expression within the forebrain and midbrain
and morphine withdrawal severity, as assessed by a defecation score, was observed in the
BXD recombinant line. Thus, higher levels of Chrna5 mRNA expression are associated with
greater withdrawal severity. In accordance with this finding, CArna5 null mice showed
significantly reduced total somatic signs of withdrawal relative to WT mice (Muldoon et al.,
2014).

3.2. Studies in the Chrna5 SNP mouse

While gene deletion studies may approximate “loss of function” SNPs, it is critical to model
human SNPs in mice to help clarify inconsistencies associated with human data. In addition,
animal models expressing human SNPs allow for the determination of molecular
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mechanisms that mediate the behavioral consequences of these SNPs, and as such contribute
to a better understanding of their significance in human disease. The impact of the Chrna5
SNP on behavior has been assessed in mice either by virally expressing the SNP in regions
of the brain relevant to addiction (Frahm et al., 2011; Morel et al., 2014), or by genetically
engineering endogenous expression of the SNP through homologous recombination
(Koukouli et al., 2017; O’Neill et al., 2018; Sciaccaluga et al., 2015).

Studies in the Chrna5 SNP mouse have thus far focused on how this SNP affects sensitivity
to nicotine and underlying neural circuitry. Koukouli et al. (2017) demonstrated that Chrnas
SNP mice show a reduction in the duration and frequency of putative pyramidal neuron
activity within layers 11/111 of the prelimbic cortex, which is reversed by 1-2 weeks of
chronic nicotine treatment. The authors propose that the observed effect of nicotine is due to
the desensitization of nAChRs expressed by interneurons, which normally inhibit pyramidal
neurons in this region (Koukouli et al., 2017). Pyramidal neurons within the mPFC serve an
important function in cognitive and emotional control by integrating signals from the
thalamus, hippocampus, basolateral amygdala and contralateral mPFC (Hoover and Vertes,
2007; Vertes, 2006). The findings of this study support the notion that individuals with the
CHRNAS5 SNP may smoke as a form of self-medication to compensate for impaired
cognitive regulation (Koukouli et al., 2017).

nAChRs regulate brain maturation throughout development and are often transiently
upregulated or show dynamic changes in subunit composition in regions undergoing major
differentiation and synaptogenesis (Dwyer et al., 2009). Further, nicotine exposure directly
effects the developing brain (Dwyer et al., 2008). To determine the impact of the Chrna5
SNP on the effects of developmental nicotine exposure, male and female Chrna5 G/G and
AJA mice were treated with either nicotine or vehicle beginning prenatally and until
weaning at 21 days of age via maternal nicotine drinking (O’Neill et al., 2018). A significant
interaction of genotype and developmental nicotine exposure was observed on nicotine
drinking behavior in adolescence, wherein nicotine-exposed mice with the Chrna5 variant
consumed significantly more nicotine than their vehicle-treated counterparts, and nicotine-
exposed Chrnas G/G mice consumed significantly less nicotine than vehicle-treated G/G
mice (O’Neill et al., 2018). A/A mice that were exposed to nicotine during early
development consumed significantly more nicotine in adolescence than G/G mice. In
contrast, there was no difference in nicotine consumption between vehicle-treated G/G and
AJA mice. Further, nicotine-exposed Chrna5 A/A mice showed decreased expression of
a3p4-type nAChRs in the habenula relative to G/G mice and decreased DA release from
a4p2 and a4p2a5 nAChR-expressing cells within the striatum (O’Neill et al 2018).

3.3. Studies in the Chrna5 SNP rat

The impact of the Chrna5 SNP on nicotine, alcohol, cocaine and food self-administration
has been investigated in a transgenic rat model, which was recently developed using zinc
finger nuclease technology (Besson et al., 2019; Forget et al., 2018). Using this model,
Forget et al. (2018) first examined the impact of the Chrna5 SNP and Chrna5 deletion on
nicotine self-administration behavior and electrophysiological properties of VTA dopamine
neurons. Although Chrna5 null rats did not acquire nicotine self-administration, rats with the
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Chrna5 AJA SNP consumed significantly greater amounts of nicotine than WT mice at the
two highest doses tested. Rats with the Chrna5 A/A SNP also displayed a higher “break
point” at the highest dose tested, indicating greater motivation to take drug, and stronger
reinstatement in response to nicotine alone or nicotine and the cue presented together.
Greater nicotine-induced reinstatement in the Chrna5 SNP rats was associated with greater
neuronal activation in the medial portion of the lateral habenula and in the lateral
hypothalamus, and lower neuronal activation in the IPN (Forget et al., 2018). Neuronal
activation within the IPN, which is predominantly GABAergic, was inversely correlated with
nicotine-induced reinstatement, suggesting an important role of CArna5in modulating the
activity of GABAergic neurons. The absence of nicotine self-administration in CArna5null
rats is inconsistent with what has previously been observed in CAirna5 null mice (Fowler et
al., 2011), which may reflect differences in nicotine metabolism (Forget et al., 2018) or
differences in the distribution of a5 subunit between mice and rats (Ishii et al., 2005).

In a subsequent investigation of ethanol self-administration, Chrna5 A/A rats required a
higher dose of quinine to reduce their ethanol intake than did G/G rats, they self-
administered more ethanol, and showed higher levels of reinstatement in response to ethanol
and the cue together. Unlike G/G rats, Chrna5 AlA rats also showed increased activation in
the anterior agranular insula in the relapse condition compared with the processing between
the two genotypes (Besson et al., 2019). These findings contrast with the decreased ethanol
reward phenotype observed in Chrna5null mice in the CPP paradigm (Dawson et al., 2018),
and with reduced alcohol abuse liability observed in human ‘A’ allele carriers (X. Chen et
al., 2009).

Of interest, Besson et al. (2019) also compared food self-administration in Chrna5 A/A and
G/G rats. Chrna5 A/A rats showed a trend towards greater motivation to self-administer
sucrose, as well as increased resistance to extinction, and higher levels of reinstatement
following food priming (Besson et al., 2019). Taken together, their findings in nicotine,
ethanol and food self-administration paradigms may reflect alterations to reward pathways
that generally impact the response to reinforcing stimuli.

Human studies have demonstrated that the ‘A’ allele may be protective against cocaine
dependence (Aroche et al., 2020; Grucza et al., 2008; Sherva et al., 2010). In line with the
results of these studies, Forget et al. (2020) demonstrated that the acquisition of cocaine self-
administration is disrupted in Chrna5 SNP rats compared to WT rats. These rats did not
increase their responding to maintain consistent levels of cocaine intake as the ratio schedule
of reinforcement increased over the course of self-administration sessions. Interestingly,
Forget et al. also observed potentiated relapse to cocaine-seeking in the Chrna5 null rat,
which is accompanied by increased neuronal activation in the nucleus accumbens (Forget et
al., 2020).

A critical mass of studies in humans link the CHRNAS5 SNP with alterations in response to a
variety of drugs of abuse. However, much of this data is contradictory and replication has
been challenging. Further, environmental factors that are known to modulate disease
phenotypes are difficult to control in any given population. Thus, the ability to interrogate
the impact of this SNP in isolation and in a controlled manner is important for complete
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functional characterization of this genetic variant. Future studies using rodent models could
serve as a valuable tool in determining the mechanisms underlying responses to other drugs
of abuse and in developing personalized therapies based on genotype.

In vitro studies

The subunit composition of NAChRS varies across brain regions (Le Novére et al., 2002). a5
subunits are almost exclusively incorporated into the a4p2 class of receptors in
hippocampus, striatum, cerebral cortex and thalamus (Mao et al., 2008). Studies in rodent
models suggest that the CAirna5 SNP influences the brain’s reward circuitry, and this finding
is consistent with /n vitro studies that have demonstrated a critical role for a5 nAChR
subunits in the function of dopaminergic (DA) neurons. The a5 nAChR subunits are
expressed within most DA neurons in the ventral tegmental area (VTA) and substantia nigra
(SN) (Klink et al., 2001) that project to the striatum. The critical role of the cholinergic
system in regulating dopamine release within the striatum is further evidenced by overlap of
cholinergic and dopaminergic fibers in the striatum (Zhou et al., 2001) and by the influence
of nicotine on dopaminergic release within the striatum via nAChRs (Rice and Cragg, 2004).

In vitro studies in HEK293 cell lines have demonstrated that CHRNAS5 D398N compromises
the function, but not the expression, of a4p2a5 and a3p4a5 nAChRs (Bierut et al., 2008;
Tammimaki et al., 2012). a4p2a5 receptors are located on the terminals of DA neurons
within the striatum, where they modulate DA release in response to nicotine (Salminen et al.,
2004; Zoli et al., 2002). a.3p4-type nAChRs are located in the habenulo-interpeduncular
pathway (Grady et al., 2009) where they may associate with a5 subunits; a3p4a5 nAChRs
are also expressed peripherally in ganglion neurons (Conroy and Berg, 1995; David et al.,
2010). In a4pB2a5 nAChRs, expression of CHRNAS5 398N reduces the maximal calcium
response to agonist (Bierut et al., 2008). A later study showed that the presence of the
variant reduces calcium permeability and increases desensitization (Kuryatov et al., 2011).

Following activation, nAChRs desensitize and recover from desensitization with Kinetics that
depend on receptor composition (Fenster et al., 1997; Vibat et al., 1995). Studies on the
impact of CHRNA5 D398N on desensitization of a3p4a.5 nAChRs have reported mixed
findings. Li et al. (2011) observed no effect of the 398N variant on channel activation by
agonists or desensitization of a3p4a5 nAChRs (P. Li et al., 2011). The absence of an effect
on desensitization is in agreement with the findings of Kuryatov et al., who additionally
found no effect of the variant on calcium permeability of a3p4a5 nAChRs (Kuryatov et al.,
2011). However, Tammimaki et al. determined that the presence of the variant attenuates the
intracellular calcium response of a3p4a5 nAChRS to nicotine, acetylcholine (ACh), and
varenicline, and increases the ECsq for nicotine (Tammimaki et al., 2012). The variant did
not impact desensitization of agonist-induced calcium influx in a3p4a5 nAChRs. However,
the variant was found to prevent the increase in desensitization observed in D398 cells
following an increase in the concentration of external calcium, as measured via whole-cell
electrophysiology. (Tammimaki et al., 2012).

Studies in cultured VTA neurons indicate that modulation of intracellular calcium may be
the mechanism by which Chrna5 D398N impacts the function of midbrain DA neurons. The
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Chrna5 398N variant reduced the proportion of neurons exhibiting nicotine-evoked calcium
increases relative to Chrna5 D398 (Sciaccaluga et al., 2015). Human DA neuron cultures
derived from induced pluripotent stem cells show slightly greater spontaneous action
potential firing frequency and increased spontaneous postsynaptic current frequency and
amplitude in the presence of the 398N variant (Oni et al., 2016). Thus, CHRNA5 398N
appears to confer greater excitability to DA neurons expressed within the brain’s reward
circuitry.

nAChR upregulation may be another mechanism by which nicotine dependence is
maintained. The upregulation observed following chronic exposure to nicotine (Govind et
al., 2009; Schwartz and Kellar, 1983) appears to largely involve a4B2-type receptors (Flores
etal., 1992; Nguyen et al., 2003) but this increased receptor density is not observed when
the a5 subunit is incorporated (Mao et al., 2008). Thus, the presence of a5 subunits, in
addition to influencing calcium influx, alter receptor regulation by nicotine as well.
Recently, C57BL/6 mice engineered to express Chrna5 D398N via CRISPR/cas9 genome
editing (Brynildsen et al., 2017) were chronically exposed to nicotine for 14 days via
osmotic minipumps. Consistent with what was found in rats (Mao et al., 2008), a4p2a5
receptors were not upregulated in mice. Of interest, the presence of Chrna5 D398N variant
did not influence receptor regulation (R.P. Yasuda and K.J. Kellar, personal communication).
This study demonstrates that neither variant influences nicotine-induced upregulation.

5. Summary and recommendations for future work

In summary, human, animal, and /7 vitro studies provide evidence to suggest that the
CHRNAS5 SNP broadly influences substance dependence liability. In the remaining sections,
we encapsulate findings from across these studies and provide recommendations for future
work that would further our understanding of this genetic variant and potentially inform
treatment.

5.1. Integrating findings from across scales to understand the impact of the CHRNAS
SNP on substance abuse liability

Collectively, studies on the influence of CHRNA5 D398N on addiction-relevant phenotypes
indicate that this SNP impacts the function of circuitry implicated in distinct addiction-
relevant processes. The SNP is expressed within regions of the brain implicated in drug
reward (VTA, SN and striatum), aversion (MHb-IPN pathway), attention (mPFC) and cue
memory (hippocampus). Evidence for the behavioral influence of the SNP is demonstrated
by studies in humans and rodent models, and /n vitro studies have provided insight into the
underlying cellular and molecular mechanisms.

In the cortex, a5-containing NAChRs are expressed within the mPFC, where they play a
critical function in the development of cortical neurons and in attentional processes (Bailey
et al., 2012; 2010). In the absence of a5 subunits, the normal developmental pruning of layer
VI mPFC neurons does not occur, and apical dendrites are thus extended in adulthood. This
altered neuronal morphology could change the input received by layer VI mPFC neurons,
and thus impact feedback to the thalamus (Bailey et al., 2012). Further, excitation of layer
VI mPFC pyramidal neurons is dependent on the expression of a5 subunits, and Chrna5null
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mice exhibit disrupted attentional performance in the 5-choice serial reaction time test
(Bailey et al., 2010). Within layer 11/111 of the mPFC, Chrna5D398N inhibits the activity of
a5 subunit-expressing vasoactive intestinal polypeptide (VIP) interneurons (Figure 1),
resulting in behavioral deficits associated with cognitive impairment (Koukouli et al.,
2017).These findings may be related to the reduced functional connectivity between the
dACC and striatum observed in human carriers of the 398N variant (Hong et al., 2010),
which suggests a reduction in the functional association between circuitry implicated in
attention and reward.

Identifying the precise location of a.5 subunits within the MHb-IPN pathway has been
challenging. Due to co-localization of CHRNAS, CHRNAS3 and CHRNB4 within the
genome, expression of a5 subunits was initially presumed to overlap with expression of a3
and p4 subunits in the MHb. However, recent studies have interrogated a5 subunit
expression by measuring mRNA or electrophysiological responses and demonstrated little to
no expression of a5 subunits within the MHb (Hsu et al., 2013; Morton et al., 2018). a.5-
containing nAChRs are located primarily within the rostral subnucleus of the IPN, on
GABAergic neurons that project to the mesopontine raphe and dorsal tegmental area (Hsu et
al., 2013; Morton et al., 2018; Quina et al., 2017; Wolfman et al., 2018) (Figure 1). These
GABAergic neurons may influence reinstatement to nicotine seeking and avoidance
behaviors (Forget et al., 2018; Wolfman et al., 2018). To our knowledge, no studies have yet
investigated the impact of the CArna5 SNP on the IPN-mesopontine raphe pathway and
relevant phenotypes. Further work in this area would be informative with respect to the
potential modulating role of the CArna5 SNP on the serotonergic system.

In the mesolimbic dopamine pathway, a5-containing nAChRs are located on dopaminergic
cell bodies in the VTA, and on terminals in the NAc, where they modulate DA release
(Figure 1). Expression of the CHRNAS5 398N variant appears to impact the excitability of
VTA DA neurons (Oni et al., 2016), which could be relevant to increased nicotine intake
observed in mice lacking a5 subunit expression (Morel et al., 2014). Altered connectivity
between the habenula and striatum in opioid users with the 398N variant (Curtis et al., 2017)
provides evidence for an imbalance in reward- and aversion-encoding circuitry in the
presence of the SNP.

In summary, the CHRNA5 SNP appears to alter the function of circuitry that underlies
distinct addiction-relevant phenotypes. Further studies /7 vitro and in animal models will be
needed to clarify the functional impact of CHRNAS5 D398N within other regions of the brain
that are implicated in substance use disorders, including the hippocampus and amygdala.

Recommendations for future study

5.2.1. Sex differences—The investigation of sex-specific effects of the CHRNA5 SNP
on substance abuse liability represents a gap in the current literature. Although human
studies have identified sex-specific effects of the influence of CHRNAS5 on neural reactivity
to smoking cues and smoking cessation (Janes et al., 2012; Tomaz et al., 2018), and sex-
specific effects of Chrna5 deletion on anxiety-like behavior have been identified in mice
(Gangitano et al., 2009), as yet, only one study in rodent models bearing the Chrna5 SNP
has included females (O’Neill et al., 2018). Therefore, little is known about neuronal
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mechanisms underlying sex differences observed in humans. Future studies should include
both males and females in order to identify potential sex x genotype interactions on
addiction-relevant behaviors, which could have important treatment implications.

5.2.2. Interactions of CHRNAS5 D398N with other genetic variants—Gene
targeting in mice has revolutionized our approach to studying gene function in mammals.
During the past decade, thousands of null, hypomorphic and conditional alleles have been
constructed. With the advent of rapid genome editing technologies, such as the CRISPR/
Cas9 system, we are entering a new era for the interrogation of SNP function in animal
models. Modeling human SNPs in mice allows for the determination of molecular
mechanisms that mediate the behavioral consequences of these SNPs in human disease and
can contribute to the development of more effective treatments. Yet, even for GWAS-
identified human genetic variants that have been recapitulated in mice, it remains unclear
how genetic background contributes to altered cellular and behavioral responses.

Genetic variation is known to influence addiction vulnerability. Genome-wide association
studies have identified multiple loci associated with addictive behaviors. However, GWA
studies for addiction typically test for associations between increasing additive genotype
dosage at SNPs and phenotype one variant at a time. GWAS scans of SNP x SNP for the
detection of non-additive pairwise effects (i.e., “interactions”) require further stringency for
discovery (e.g., < 10-11), due to multiple testing considerations. In the past, the small size
of human genetic studies in addiction research has hindered our ability to identify SNP x
SNP effects. A recent GWAS of 1.2 million participants provides sufficient power for the
detection of polygenic associations with nicotine and alcohol abuse (M. Liu et al., 2019). In
addition, animal models could greatly facilitate the study of genetic interactions. For
example, introducing risk SNPs such as Chrna5D398N directly on the background of
genetically diverse strains would allow one to quickly ascertain both additive and synergistic
effects between multiple loci.

5.2.3. Relevance of CHRNAS5 D398N to other neuropsychiatric disorders—
There is some evidence for the association of CHRNA5 D398N with other disorders that are
frequently co-morbid with substance use disorders such as schizophrenia and post-traumatic
stress disorder (PTSD) (Boscarino et al., 2011; Hong et al., 2011). Hong et al. (2011)
demonstrated that the minor ‘A’ allele is also associated with schizophrenia, and Koukouli et
al. (2017) determined that mice expressing Chrna5 398N exhibit behaviors characteristic of
schizophrenia, including compromised social ability and disrupted sensorimotor gating
(Hong et al., 2011; Koukouli et al., 2017). Boscarino et al. (2011) found that CHRNAS
398N genotype is more common in PTSD cases compared to controls (Boscarino et al.,
2011).

Expression of a5 subunits in attention circuitry (mPFC) could influence the risk for other
disorders that are associated with impaired attentional processes, such as ADHD. a5-
containing nAChRs are also expressed on GABAergic neurons within the IPN that project to
serotonergic nuclei. The presence of the CHRNAS5 398N variant could thus limit the
inhibition of NAChR agonist-induced serotonin release (Morton et al., 2018). These data
suggest that this SNP could also influence depressive phenotypes by modulation of the
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serotonergic system. Further investigation into neuropsychiatric conditions associated with
CHRNA5D398N could be useful to inform treatment.

6. Conclusion

Human GWAS and clinical studies suggest that the CHRNA5 SNP may be relevant to
addiction treatment as well as vulnerability. While the SNP is associated with lower overall
rates of smoking cessation (M. Liu et al., 2019), one study has indicated that women carriers
of the ‘A’ allele who attempt to quit with the aid of pharmacotherapies may have higher
success rates (Tomaz et al., 2018). With respect to therapeutic interventions, it has also been
suggested that individuals who carry the CHRNA5 SNP may be amenable to treatment by
‘positive allosteric modulators’ (PAMs) (Kuryatov et al., 2011; Maskos, 2020). These small
molecules could restore the loss of function associated with CHRNA5 D398N by
specifically targeting a5-containing nAChRs. As yet, however, there is no behavioral
evidence demonstrating the treatment efficacy of PAMs amongst carriers of the CHRNAS
SNP. Because nAChRs containing a5 subunits reside in brain regions that also modulate
neural responses to drugs like opioids, cocaine and alcohol, the SNP may be relevant in
identifying therapies for addiction to these other substances as well. Further studies /n vitro
and in animal models will allow detailed investigations into the mechanisms underlying the
influence of the SNP on treatment response, which will be necessary to make progress
toward personalized medicine.

Clinical findings documenting familial patterns of drug use and dependence and GWAS have
identified a number of genes and allelic variants that contribute to the risk for substance use
disorders. However, understanding how these allelic variants, particularly single nucleotide
polymorphisms (SNPs), contribute to addiction is complicated by the fact that each variant
contributes to only a small fraction of the phenotype. Further, environmental factors that are
known to modulate disease phenotypes are difficult to control in any given population. Thus,
the ability to interrogate addiction-relevant SNPs in isolation and in a controlled manner is
critical. Here we review the impact of the CHRNA5 D398N SNP across species and scales.
The ability to integrate findings in human, animal and cellular systems provides an optimal
framework to not only investigate the pathology associated with addiction, but to facilitate
the development and delivery of new treatments.
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Highlights

. Up to 28% of the worldwide population carry at least one copy of CHRNAS
D398N

. D398N has been linked to risk for dependence to nicotine, opioids, cocaine,
alcohol

. In humans, resting-state functional connectivity is moderated by CHRNAS
genotype

. Animal models expressing the CHRNAS5 SNP show alterations in reward
pathways
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Figure 1. CHRNAS D398N alters the function of a5 nAChR subunits within addiction-relevant
circuit

CHRNIZ\5 D398N impacts the function a5 nAChR subunits that are expressed within neural
circuits implicated in attention (mPFC), aversion (MHb-IPN), and reward (VTA-NAC). In
layer 11/111 of the mPFC, a5-containing nAChRs are expressed on vasoactive intestinal
polypeptide (VIP) interneurons that inhibit somatostatin- (SOM) and parvalbumin- (PV)
interneurons; these interneurons inhibit pyramidal cells (Pi et al., 2013). In layer VI, a5-
containing NAChRs are expressed on pyramidal neurons (Bailey et al., 2012). a5 subunits
are also located on GABAergic neurons in the IPN, where they mediate aversion via
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inhibitory projections to the mesopontine raphe (MnR) and laterodorsal tegmental area
(LDTg) (Hsu et al., 2013; Morton et al., 2018; Quina et al., 2017; Wolfman et al., 2018), and
on the cell bodies and terminals of DA neurons that project from the VTA to the NAc
(Salminen et al., 2004; Zoli et al., 2002), where they mediate reward.
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