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Abstract

Understanding how tobacco product flavor additives, such as flavorants in electronic cigarettes,
influence smoking behavior and addiction is critical for informing public health policy decisions
regarding tobacco product regulation. Here, we developed a combined intraoral (i.0.) and
intravenous (i.v.) self-administration paradigm in rats to determine how flavorants influence self-
administration behavior. By combining i.o. flavorant delivery with fast scan cyclic voltammetry
(FSCV) or i.v. nicotine self-administration in adult, male rats, we examined whether flavors alter
phasic dopamine (DA) signaling and nicotine self-administration. Oral administration of 10%
sucrose or 0.32% saccharin, but not 0.005% menthol, increased phasic DA release in the nucleus
accumbens (NAc). Oral sucrose or saccharin, when combined with i.v. nicotine delivery, also led
to increased self-administration behavior. Specifically, combined i.o. sucrose and i.v. nicotine
decreased responding compared to sucrose alone, and increased responding compared to nicotine
alone. In contrast, i.o. flavorants did not alter motivational breakpoint in a progressive ratio task.
Oral menthol, which did not alter i.v. nicotine administration, reversed oral nicotine aversion (50
and 100 mg/L) in a two-bottle choice test. Here, we demonstrate that i.0. appetitive flavorants that
increase phasic DA signaling also increase self-administration behavior when combined with i.v.
nicotine delivery. Additionally, oral menthol effects were specific to oral nicotine, and were not
observed with i.v. nicotine-mediated reinforcement. Together, these preclinical findings have
important implications regarding menthol and sweet flavorant additive effects on tobacco product
use and can be used to inform policy decisions on tobacco product flavorant regulation.
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1. Introduction

The 2009 Family Smoking Prevention and Tobacco Control Act gave the Federal Drug
Administration (FDA) power to regulate flavor additives, with the exemption of menthol, in
tobacco cigarettes. A primary goal was to reduce smoking in adolescents, primary
consumers of flavored cigarettes. However, the advent of flavored electronic cigarettes (e-
cigarettes) have reinvigorated these discussions. Recent data suggest that flavored e-
cigarettes are the most popular form of smokable tobacco products initiated by high school
students (Krishnan-Sarin et al., 2014). Moreover, the availability of appetitive flavors is one
of the primary reasons why high school students use e-cigarettes (Kong et al., 2014; Villanti
et al., 2013). Currently, there is limited data on oral menthol and appetitive flavorant effects
on nicotine self-administration behavior and tobacco product use, although a recent finding
in young adult smokers found enhanced reward for flavored versus non-flavored e-cigarettes
(Audrain-McGovern et al., 2016).

Individuals who smoke menthol cigarettes have lower quit rates (Delnevo et al., 2011;
Gandhi et al., 2009) and a faster time to smoke the day’s first cigarette, compared to non-
menthol smokers (Ahijevych and Parsley, 1999). Menthol’s mint-like flavor, cooling,
antitussive, and anti-irritant properties are thought to mask the bitter flavor and the irritation
of the mouth, lungs, and throat induced by cigarettes (Kreslake et al., 2008; Lee and Glantz,
2011; Strasser et al., 2013; Wickham, 2015; Willis et al., 2011). Menthol also influences the
subunit composition, expression, and function of nicotine acetylcholine receptors (nAChRs)
in the mesolimbic dopamine (DA) system (Ashoor et al., 2013; Brody et al., 2013; Hans et
al., 2012; Henderson et al., 2016). Burst firing of ventral tegmental area (VTA) DA neurons
and the subsequent phasic DA release in the nucleus accumbens (NAc) is associated with
exposure to rewards and can drive drug-taking and drug-seeking behavior (Day et al., 2007;
Phillips et al., 2003; Solecki et al., 2013), while DA release in the NAc core sub-region, in
particular, plays a critical role in cue-mediated drug-taking and drug-seeking (Phillips et al.,
2003; Solecki et al., 2013). Indeed, based on their recent findings, Wang et al. have proposed
that oral menthol may act as a conditioned cue when paired with nicotine (Wang et al.,
2014). Due to the complex sensory profiles of menthol and tobacco product flavorants,
however, it is unclear whether the tastants and flavorants themselves influence phasic DA
signaling and nicotine intake.

In their recent work, Wang et al. specifically sought to examine oral menthol effects on i.v.
nicotine taking in rats trained to lick a lickometer that produced simultaneous oral menthol
and intravenous (i.v.) nicotine (Wang et al., 2014). However, their model produced low rates
of nicotine self-administration and a lack of discrimination between active and inactive
operandi. Here, we sought to develop a combined intraoral (i.0.) flavorant and i.v. drug
operant paradigm that produced robust rates of nicotine self-administration, a strong
dissociation between active and inactive operant responses, and compatibility with /n vivo
electrochemical techniques. We first combined fast scan cyclic voltammetry (FSCV) with
i.0. flavorant delivery to determine whether flavorants alter phasic DA signaling in the NAc.
Secondly, we combined i.0. flavorant delivery with i.v. self-administration to demonstrate
that oral flavorants which increased phasic DA release also increased self-administration
behavior when combined with i.v. nicotine under fixed ratio schedules. In contrast, these i.0.
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flavorants did not alter the motivation for nicotine taking in a progressive ratio task. These
experiments demonstrate the ability of oral flavorants to alter nicotine self-administration
and provide a foundation for future investigations of the neurochemical and behavioral
effects of other tobacco product flavorants.

2. Materials and Methods

2.1 Animals

2.2 Drugs

2.3 Surgical

Male Sprague Dawley rats (250-350 g, Charles River Laboratories, Wilmington, MA, USA)
were placed on ad libitum food and water and housed 2-3 per cage on a 12-h light/dark
cycle (lights on at 7 am). One week after combined i.0. and i.v. catheter surgery, rats were
maintained at 85-90 % body weight throughout behavioral training. After surgery, each
animal was housed individually to prevent cage mates from damaging each other’s catheters.
Experiments were conducted according to the Guide for the Care and Use of Laboratory
Animals and were approved by the Yale University Institutional Animal Care and Use
Committee.

Nicotine hydrogen tartrate salt (Sigma, St. Louis MO) was dissolved in 0.9 % saline solution
(pH = 7.0) and filtered using a 0.22 um filter. Nicotine was delivered at 30 ug/kg/infusion
(free base) and infused for 6 s at 17.7 puL/s (106 pL total). For i.o. delivery, 10% sucrose,
0.32% saccharin, 0.005% menthol (all w/v) were prepared in deionized (DI) water and
infused at a rate of 33 uL/s for 6 s (362 puL). Flavorants and doses were selected to allow for
examination of caloric and non-caloric appetitive flavorants (sucrose and saccharin,
respectively) and menthol, encompassing multiple types of tobacco product flavorants. The
reinforcing 10% sucrose served as a positive control for our newly established behavioral
methodology. The appetitive saccharin dose was selected from two-bottle choice tests
showing that 0.32% saccharin was most preferred compared to water. For menthol, 0.001%,
0.005% and 0.01% all showed equal preference to water (two bottle choice data not shown).
Here, we chose to use the 0.005% concentration to maintain consistency with recently
published work in mice showing the ability of 0.005% menthol to decrease oral nicotine
aversion, even with demonstrated equal preference between water and 0.005% menthol (Fan
et al., 2016). For two-bottle choice experiments, nicotine hydrogen tartrate salt (Sigma, St.
Louis MO) was dissolved in DI water and 0.1 M NaOH was used to set the pH to ~7.4.

procedures

Rats were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p. Sigma
Aldrich, USA). First, we implanted a silastic catheter into the external jugular vein, as
described by previously (Solecki et al., 2013). Second, we implanted an ethylene oxide
sterilized polyethylene i.o. catheter that was anchored to the first molar and protruded
dorsally through the skin between the ears. For additional, detailed i.o. surgical
methodology, see (Wickham et al., 2015). Carprofen (5 mg/kg, s.c.) was administered prior
to any surgical incision and was administered for three days post-surgery. In preparation for
voltammetry experiments, a guide cannula (Bioanalytical Systems, West Lafayette, IL) was
positioned above the NAc (AP +1.2 mm, ML -1.4 mm) and an Ag/AgCl reference electrode
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(previously baked at 120°C for 1 h) was implanted in the contralateral hemisphere
(Wickham et al., 2015). Subsequently, a bipolar stimulating electrode was implanted in the
VTA/substantia nigra (SN) (AP -5.2 mm, ML -0.5 to —1.5 mm, DV -8.0 to —9.0 mm).
Dental cement (Dentsply, Milford, DE) and screws (Gexpro, High Point, NC) were used to
secure the cannula and reference electrode to the skull.

2.4 Measurement of phasic DA combined with intraoral infusion

A micromanipulator containing a carbon fiber microelectrode was lowered to the NAc core
and a low-pass filtered (2 kHz), a triangular potential waveform (0.4 V to +1.3 V and back
to —0.4 V, at a rate of 400 V/s) was applied at 60 Hz for 15 min, and then applied at 10 Hz
for recordings. An initial training set of DA and pH was collected by stimulating the VTA at
varying frequencies and pulses (10-20 Hz, 10-40 pulses, all at 150 uA). Then, a single
flavor was administered (Fig. 1A) at pseudorandom intervals of 60, 120, and 180 s, for a
total of 25 infusions, similar to previously published methodology (Roitman et al., 2008;
Wickham et al., 2015).

After the experiment, the carbon fiber microelectrode was removed and calibrated in vitro to
determine DA concentrations. Using principal component regression and the DA training
set, we identified and quantified phasic DA responses to flavorants, consistent with
published methodology (Keithley et al., 2010; Keithley et al., 2009). In a subset of rats, the
carbon fiber was used to lesion the recording site for histological verification (Fig. 1D) as
previously described (Addy et al., 2010). Since the lesioned electrode could not be used for
calibration, in rats used for histology, we used our obtained average calibration factor (7 nA/
UM DA), consistent with our published methodology (Addy et al., 2010).

2.5 Combined intraoral and intravenous self-administration training and behavior

Sucrose or food pre-training is often necessary for obtaining robust nicotine self-
administration in rats (Corrigall and Coen, 1989), although some have obtained nicotine
self-administration without food pre-training (Levin et al., 2012; Smith et al., 2013). Here,
sucrose training (10 days) was performed using i.0. delivery, where rats pressed a lever for
10% sucrose, with the reinforcement schedule gradually increasing from FR1 to FR5 (20
infusions per session, one session a day). On the last two days of training, rats were
habituated to performing behavior with both their i.0. and i.v. catheters attached (no i.v.
drugs delivered).

After pre-training, rats were trained on combined self-administration, where active lever
depression led to simultaneous delivery of i.o. flavorant and i.v. drug for 6 s with
simultaneous cue light presentation (20 s) and the house light being turned off (20 s). The 20
s timeout period (no drug available), co-terminated with the cue light turning off and the
house light turning on. Each session lasted 1 hour. Active and inactive lever presses were
recorded both when nicotine was available and during the timeouts. A short training
regimen, performed over five FR1 sessions, was utilized for rats that were subsequently
tested on conditioned reinforcement (Table 1). A long training regimen (FR1 sessions 1 to 5,
FR2 sessions 6 to 8, FR5 sessions 9 to 14) was used for rats subsequently tested on a
progressive ratio task (Table 1) — permitting us to analyze the ability of flavors to influence
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nicotine intake over a range of reinforcement schedules and to build extinction resistance
often needed for progressive ratio tests. After i.v. self-administration experiments, catheter
patency was verified using i.v. methohexital (0.5 mg/kg) administration, to induce a
temporary (5 sec) loss of sternal posture in subjects with patent catheters. Any subjects with
non-patent catheters, verified by a lack of response to methohexital administration, were not
included in experimental analyses.

2.6 Progressive Ratio

Rats underwent progressive ratio testing in which the number of lever presses required to
receive co-infusion of i.v. drug and i.o. flavor increased based on the formula [5-e 0-2")-5],
where n was the position in the following series of values: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32,
40, 50, 62, 77, 95 (Arnold and Roberts, 1997). The experimental session terminated when a
rat stopped responding on the active lever for 5 minutes.

2.7 Conditioned Reinforcement

Rats were placed in the same operant chamber as training, except that the levers were
replaced with illuminated noseports. Each nosepoke produced a 362 pL infusion of the
flavor previously paired with nicotine or saline.

2.8 Two-bottle choice

Rats were first acclimated to housing and husbandry for 5 to7 days after arrival. Prior to the
experiment, home cage water bottles were first placed on one side of the cage (24 hours) and
then placed on the opposite (24 hours) to prevent side biases. On test day, rats were first
water deprived for 4 hours. Immediately after the deprivation period, 2 previously weighed
bottles were placed on opposite sides of the cage for a one hour two-bottle choice test
session. Bottle side assignments were made using a counterbalanced design. After the test
session, the amount of each solution consumed was determined by comparing pre-session
and post-session bottle weights.

2.9 Voltammetry statistical analysis

All voltammetry data were analyzed via a two-way repeated measures ANOVA (with flavor
and time as factors). Post-hoc tests were performed using a Bonferroni correction.

2.10 Behavioral statistical analysis

All behavioral data were analyzed via a two-way repeated measures ANOVA (with either
flavor and time or lever and time as factors). Post hoc tests were performed using a
Bonferroni correction or a Holm-Sidok correction (CR experiment) for multiple
comparisons. Statistical analyses were performed using Graph Pad Prism 7 (Graph Pad
Software, La Jolla, CA). Effect size measurements were calculated using Cohen’s d.
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3.1 Intraoral delivery of saccharin and sucrose, but not menthol, increases phasic DA

release

Rats received i.0. 10% sucrose, 0.32% saccharin, 0.005% menthol, or water while phasic DA
release was monitored. Analyses revealed a significant interaction between time and flavor
(Fs7,627 = 2.169, p < 0.0001; Fig. 1B) with main effects of time (F19 627 = 1.612, p < 0.05)
and flavor (F3 33 = 10.78, p < 0.0001). Moreover, comparing average phasic DA release
during the 6 s infusion to the 5 s pre-infusion baseline revealed a significant interaction
between infusion period and flavor (F3 33 = 4.416, p < 0.05, Fig. 1C), with main effects of
period (F1 33 = 7.104, p < 0.05) and flavor (F3 33 = 10.43, p < 0.0001). Post-hoc comparisons
revealed that sucrose (p < 0.001) and saccharin (p < 0.05), but not menthol (p = 0.49) nor
water (p = 0.48), increased phasic DA concentrations compared to baseline.

3.2 Co-administration of i.v. nicotine with sweet flavors, but not menthol, increases self-
administration

In animals co-administering i.0. water and i.v. nicotine, analyses revealed an interaction
between lever and time (F13 130 = 4.75, p < 0.0001), with main effects of both time (F13 130
=5.378, p < 0.0001, Fig. 2A) and lever (F1 19 = 25.25, p < 0.001, Fig. 2A). Post-hoc tests
revealed significant differences between active and inactive levers for FR5 Sessions 9
through 14. In i.0. water and i.v. saline rats, analyses revealed an interaction between time
and lever (F13 130 = 5.79, p < 0.0001, Fig. 2B) along with significant main effects of time
(F13,130 = 7.9, p < 0.0001, Fig. 2B), and lever (Fq 19 = 17.92, p < 0.001, Fig. 2B). Post-hoc
differences were only observed during the first three days of FR1 training, thus i.o. water
plus i.v. saline rats did not discriminate between active and inactive levers by the end of
training. In i.0. water animals, direct comparison of i.v. infusions in nicotine versus saline
subjects (Fig. 2C) revealed an interaction between time and drug (F13 260 = 5.192, p <
0.0001) and main effects of time (F13 260 = 10.97, p < 0.0001) and drug (F1 20 = 15.66, p <
0.001), with significant post-hoc differences between nicotine and saline in FR5 sessions 10
through 14. Similar self-administration results were observed when i.v. nicotine was
combined with i.0. menthol (Supplementary Fig. 1) or saccharin (Supplementary Fig. 2).
Animals receiving i.o. sucrose plus i.v. saline obtained more infusions than i.0. sucrose plus
i.v. nicotine rats throughout training (main effect of drug (F1 14 = 22.5, p<0.001, Fig. 3C),
without an interaction (F13 182 = 1.429, p = 0.15) nor an effect of time (F13 152 = 1.61, p =
0.09). Analysis of self-administration behavior across all four i.0. groups revealed a
significant interaction between time and flavor (Fzg 455 = 1.63, p < 0.05, Fig. 4A), with main
effects of time (F13 455 = 4.34, p < 0.0001) and flavor (F3 455 = 10.03, p < 0.0001).
Specifically, sucrose + nicotine rats, but not menthol + nicotine nor saccharin + nicotine rats,
showed greater self-administration infusions compared to water + nicotine rats (p < 0.001,
post-hoc, Fig. 4A). To more specifically analyze self-administration behavior during the
initial stage of training, we examined the average number of infusions during the initial FR1
phase of nicotine self-administration (Fig. 4B). Analysis revealed a main effect of flavor
(F3 50 = 13.77, p < 0.0001), with greater infusions in sucrose (p < 0.0001, Cohen’s d =1.76)
and saccharin (p < 0.05, Cohen’s d = 1.10), but not menthol rats (p = 0.82, Cohen’s d =
0.23), compared to i.0. water rats (Fig. 4B). Additionally, for combined i.o. flavorant and i.v.
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nicotine self-administration, both sucrose (p < 0.05) and saccharin (p < 0.05) rats showed
greater infusions compared to menthol rats (Fig. 4B).

To examine how rats responded to the flavors in the absence of nicotine, we trained an
additional group of animals for i.v. saline and i.o. flavorant self-administration. Analyses
revealed a significant interaction between time and flavor (Fsg 338 = 3.39, p < 0.0001, Fig.
4C) with main effects of time (F13 338 = 9.54, p < 0.0001) and flavor (F3 335 = 40.2, p <
0.0001). Analysis of average infusion during FR1 training also revealed a main effect of
flavor (F3 25 = 41.14, p < 0.0001, Fig. 4D), with sucrose (p < 0.0001) and saccharin (p <
0.0001), but not menthol (p = 0.99, post hoc) rats receiving more infusions compared to i.0.
water rats. Sucrose self-administration rats also obtained more infusions, compared to
saccharin rats (p < 0.01). Together, these data indicate that i.0. sucrose and saccharin, but not
menthol, support operant behavior alone. Secondly, the data reveal that combined i.o.
sucrose plus i.v. nicotine decreases responding compared to nicotine alone (Fig. 3C). Finally,
the data demonstrate that i.0 sucrose and saccharin, but not menthol, when combined with
nicotine leads to a greater nicotine taking compared to i.0. vehicle (Fig. 4B).

3.3 Motivation to take nicotine is not altered by i.o. flavorant co-administration

To assess whether flavors influence motivation to take nicotine, we tested rats in a
progressive ratio (PR) task. We examined PR in the 3 flavorant groups (water, menthol,
saccharin) that showed similar rates of nicotine self-administration at the end of FR5
training (Fig. 4C). Nicotine subjects had a higher PR breakpoint than saline subjects, as
indicated by a main effect of drug (F1 33 = 19.0, p < 0.001), but there was no effect of flavor
(F2,33 =0.14, p = 0.86) and no interaction (F» 33 = 0.18, p = 0.83, Fig. 5). Thus, the
motivation for nicotine taking was unchanged by co-administration with i.o. flavorants.

3.4 Nicotine does not confer additional conditioned reinforcing properties to flavors

Nicotine has been shown to enhance the reinforcing value of cues and to permit cues to
influence subsequent nicotine-taking (Caggiula et al., 2009; Caggiula et al., 2001, 2002b).
To determine whether flavors acquired additional reinforcing value by association with
nicotine, we performed a conditioned reinforcement test after nicotine self-administration
(Table 1), where rats nosepoked on the conditioned reinforced (CR) noseport to receive only
the flavor. Nosepoking in the non-conditioned reinforced (NCR) noseport had no
programmed consequence. Since repeated flavorant exposure prior to pairing with nicotine
could alter subsequent conditioned reinforcement, this experiment did not include i.o.
sucrose and water groups (due to previous sucrose exposure during pre-training and water
exposure in the home cage). For saccharin, analysis revealed a significant main effect of
noseport (F1 9 = 16.94, p < 0.01, Fig. 6A), but no significant interaction between i.v. drug
and nosepoke (F1 g = 0.03, p = 0.85) nor a main effect of i.v. drug (F1 9 = 1.89, p = 0.20).
Thus, nicotine did not alter the conditioned reinforcing value of saccharin. For i.0. menthol
animals, analysis revealed no interaction (Fq g = 0.001, p = 0.99, Fig. 6B) and no main
effects of drug treatment (F1 g = 0.17, p = 0.69) nor nosepoke (F1 g = 0.26, p = 0.61). Thus,
animals did not show conditioned reinforcement for menthol, and nicotine did not alter this
lack of conditioned reinforcement.
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3.5 Menthol increases oral nicotine consumption

Given the lack of a menthol effect, we sought to determine whether a dissociation exists
between oral menthol effects on oral nicotine aversion and i.v. nicotine-mediated
reinforcement. We first performed a two-bottle choice experiment to identify nicotine doses
that produced oral nicotine aversion (Fig. 7A). Here, nicotine (50 mg/L and 100 mg/L)
produced oral aversion compared to water, as revealed by a main effect of drug (F1 59 =
72.361, p < 0.05, 2 x 2 repeated measure ANOVA, Fig. 7A). In a subsequent experiment in a
new cohort, rats showed greater oral intake of 0.005% menthol plus nicotine compared to
nicotine alone (Fq 37 = 171.125, p < 0.001, main effect of drug, with nicotine and menthol
factors; planned comparisons: low dose nicotine plus menthol versus low dose nicotine,
p<0.0001, Cohen’s d = 2.80; high dose nicotine plus menthol versus high dose nicotine,
p<0.0001, Cohen’s d = 3.53, Fig. 7B). To determine whether a sweet flavorant could also
alter oral nicotine aversion, outside of potential caloric effects, we also performed a two-
bottle choice experiment with saccharin (Fig. 7C). Here, combining 0.32% saccharin with
100 mg/L nicotine also led to increased oral intake compared to nicotine alone (p < 0.05,
Cohen’s d=1.02, Fig. 7C). Thus, oral menthol effects were specific to oral nicotine, while
oral saccharin increased both oral and i.v. nicotine intake.

4. Discussion

Here, we developed a preclinical model for examining oral flavorant effects on DA signaling
and nicotine taking and seeking. We found that reinforcing oral flavorants enhanced phasic
DA signaling and, when combined with i.v. nicotine, led to greater self-administration
behavior compared to i.0. vehicle, but did not alter motivation for nicotine taking. Given that
many tobacco products contain appetitive candy and fruit flavor additives, our findings
suggest that appetitive flavorants combined with nicotine delivery could lead to greater self-
administration behavior, and thus greater nicotine intake, compared to the absence of these
appetitive flavorants. Such findings can inform policy decisions on flavorant regulation and
the effects of such regulation on tobacco product use.

Previous flavorant models have used drinking assays, where nicotine and a flavor were
dissolved in solution and the amount consumed was used as a metric of nicotine taking
(Smith and Roberts, 1995). These models are helpful for examining how flavors mask the
aversive effects of oral nicotine, potentially modeling the oral bitterness associated with
nicotine taking in humans. As demonstrated in a recent study in mice (Fan et al., 2016), and
as replicated here in rats, oral menthol (0.005%) is sufficient to decrease the aversive effects
of oral nicotine in a two-bottle choice test (Fan et al., 2016). While this recent study
provides important insight regarding nicotine and menthol interactions in the oral cavity, our
utilization of i.v. nicotine self-administration provides a model where nicotine has faster
rates of entry into the brain that is more comparable to human tobacco product use than
orally administered nicotine (reviewed in (Matta et al., 2007)). Although i.v. nicotine
delivery does not mimic the route of administration experienced by human tobacco product
users, it does provide a useful model for investigating operant self-administration behavior
for nicotine delivery with rapid access to the central nervous system (CNS). One potential
weakness of our model, as indicated above, is that it does not directly model the combined
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oral flavorant and oral nicotine effects experienced by human tobacco product users.
However, we note recent evidence revealing the ability of systemically, non-orally
administered menthol to modulate central nAChR desensitization (Ton et al., 2015), nAChR
upregulation (Henderson et al., 2017; Henderson et al., 2016) and nicotine reward
(Henderson et al., 2017). Here, we specifically sought to examine the ability oral menthol or
oral sweet flavorants to alter CNS-mediated nicotine reinforcement, outside of nicotine’s
oral aversive effects. Previously, Wang et al. combined i.v. nicotine delivery with licking for
oral flavorants cues. However, their model produced very low levels of nicotine self-
administration (approximately 1-2 infusions/hr in the i.o. vehicle group, compared to 10
infusions/hr in our model) and a lack of operant discrimination between active and inactive
spouts (Wang et al., 2014). Here, our combined i.0. and i.v. self-administration model
provides several advantages including: (a) robust i.v. nicotine self-administration and
operant discrimination (10 infusions/hr, 16:1 active/inactive ratio for i.0. water/i.v. nicotine
groups), (b) the ability to isolate oral flavorant effects on nicotine taking (outside of the oral
nicotine masking effects of oral flavorants), (c) and compatibility with in vivo
electrochemical methods.

The ability of saccharin or sucrose co-administration with nicotine to enhance early self-
administration behavior raises the possibility that appetitive flavorants in tobacco products
may also enhance self-administration behavior in new tobacco product users — resulting in
greater nicotine exposure in these individuals. We note that nicotine self-administering rats
in this study had prior sucrose pre-training, a translationally relevant design, given that
human tobacco product users likely have numerous sweet caloric experiences prior to
tobacco product use. Indeed, the observed enhanced self-administration behavior may be
due to the reinforcing properties of the appetitive flavorants themselves. We note that in our
combined model, rats did not self-administer i.v. nicotine without prior sucrose training
(data not shown) — a result which guided our decision to use i.0. sucrose pre-training.
However, one caveat of our pre-training experimental design is the potential, initial
contribution of negative contrast effects after the transition from i.o0. sucrose pre-training to
less appetitive i.0. flavorants (saccharin, menthol or water) for the combined i.v. self-
administration training. Additionally, it is possible that extinction from sucrose pre-training
during the early phase of combined i.0. plus i.v. training could have facilitated the initial
responding to i.0. saccharin, water, and menthol. Despite these caveats, i.0. saccharin plus
i.v. nicotine was self-administered at a higher rate than i.0. menthol or water, demonstrating
the ability of a non-caloric, appetitive flavorant to facilitate self-administration behavior.
However, given the potential contributions of extinction and negative contrast effects during
the initial day of combined i.o. and i.v. self-administration behavior, future experimental
designs could include the use of more traditional operant food pre-training or the use of i.o0.
water pre-training instead of i.0. sucrose.

In contrast to i.0. saccharin and sucrose, co-administered i.0. menthol had no effect on self-
administration behavior, but did reverse oral nicotine aversion in rats, similar to previous
findings in mice (Fan et al., 2016). Together, these data suggest that the effects of oral
menthol were specific to oral nicotine, and not due to modulation of the nicotine
reinforcement mediated by i.v. nicotine. However, our observed lack of i.0. menthol effects
on i.v. nicotine self-administration differs from recent studies where oral or i.p. menthol
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altered i.v. nicotine self-administration in rats (Biswas et al., 2016; Wang et al., 2014).
However, Wang et al. used licking for 0.01% menthol drinking in female rats, whereas we
used lever pressing for direct, i.0. menthol at 0.005% in male rats. Further, rats in the Wang
et al. paradigm showed poor discrimination between active and inactive spouts, and had low
rates of self-administration (~5 infusions of 30 pg/kg/nicotine over 3 hours) compared to the
higher rates in our study and others’ (~10 to 15 infusions of 30 pg/kg/nicotine over 45 min
to 1 h) (Caggiula et al., 2002a; Johnson et al., 2012). Thus, the Wang paradigm produced
mild nicotine reinforcement that was enhanced by menthol (although menthol plus nicotine
rats still showed poor operant discrimination) (Wang et al., 2014). Interestingly, this
menthol-induced enhancement of low-rate nicotine self-administration is similar to another
study, where systemic menthol enhanced self-administration only at low nicotine doses (7.55
and 15 pg/kg/infusion) (Biswas et al., 2016). In future work, one could apply our combined
i.0. and i.v. method to determine whether i.o. menthol also enhances self-administration of
low dose i.v. nicatine. Given our DA findings, one could also determine whether i.p. menthol
effects on self-administration are mediated by phasic DA signaling. Indeed, recent studies
have revealed the ability of menthol to alter VTA DA firing and excitability and to
upregulate VTA a4 and a6-containing nAChRs (Henderson et al., 2016) that are known to
play a crucial role in nicotine self-administration (Pons et al., 2008; Tapper et al., 2004).

We also found that flavors do not influence PR, despite flavorant-induced increases in FR1
self-administration behavior. However, we note that the non-caloric flavorant, saccharin,
only altered self-administration behavior at lower, and not higher, reinforcement schedules.
In previous work, others have also observed no change in motivation despite changes during
FR training (Neugebauer et al., 2014) or with no change during FR training (Garcia et al.,
2014). It is possible that motivation differences may have emerged if PR was tested
immediately after FR1 training, or if we had chosen a longer break point (i.e. 10 or 20
minutes (Brunzell et al., 2010)). With respect to nicotine-associated cues, nicotine has been
shown to enhance the reinforcing properties of environmental cues (Caggiula et al., 2009;
Caggiula et al., 2001; Chaudhri et al., 2006). However, our conditioned reinforcement results
showed that the reinforcing value of the flavor did not change with nicotine pairings,
suggesting that appetitive properties of the flavor, and not its cue properties, contributed to
the enhanced self-administration behavior. While nicotine is typically thought to confer
conditioned reinforcement to smoking-associated stimuli, it is also likely that intrinsically
reinforcing smoking stimuli (i.e. appetitive flavors) could increase nicotine’s reinforcing
value. Although beyond the scope of our study, which addresses whether flavors can
augment self-administration behavior, the aforementioned hypothesis could be examined in
the future by pairing an appetitive flavorant with nicotine followed by testing for nicotine
reinforcement without the flavor.

5. Conclusion

In conclusion, our findings demonstrate that appetitive oral flavorants when combined with
i.v. nicotine delivery lead to greater self-administration behavior, compared to i.v. nicotine
self-administration behavior in the absence of an appetitive flavorant. Although i.o0. menthol
did not increase i.v. nicotine self-administration, we provide evidence that menthol can
“mask” the bitter flavor of nicotine and increase nicotine drinking, consistent with previous
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reports in mice (Fan et al., 2016). Given the recent findings of flavorant impacts on
adolescent e-cigarette perception and initiation (Kong et al., 2014; Krishnan-Sarin et al.,
2014; Villanti et al., 2013), our findings can inform decisions regarding tobacco product
flavorant regulation. With our established preclinical model, future investigations can also
determine whether appetitive flavorant modulation of self-administration behavior differs in
adolescence versus adulthood and in males versus females, and can also investigate flavorant
effects on relapse to nicotine taking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Intraoral appetitive flavorant delivery enhances phasic dopamine signaling in
rats
. Combined oral flavorant and i.v. drug delivery supports operant self-

administration

. Appetitive flavorants, when combined with i.v. nicotine, enhance self-
administration

. Oral menthol did not alter dopamine signaling nor nicotine self-
administration

. Oral menthol reversed oral nicotine aversion, in a two-bottle choice test
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Figure 1.

(A) Representative color plot of DA response to 10% sucrose. (B) Average DA response to
10% sucrose, 0.32% saccharin, 0.005% menthol, and water. Comparison of DA
concentration before versus during (orange bar) flavor infusion. (C) Average change in DA
concentration during the 6 s infusion versus the 5 s pre-infusion baseline. (D) Representative
carbon fiber microelectrode placements. Post-hoc with Bonferroni correction for multiple
comparisons: * p < 0.05, *** p < 0.001, baseline versus infusion. Error bars indicate
standard error of the mean (SEM).
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Combined intraoral (i.0.) and intravenous (i.v.) delivery supports self-administration (A)
Active and inactive lever presses for i.0. water and i.v. nicotine or (B) i.v. saline across FR1,
FR2, and FR5 reinforcement schedules. (C) Total i.v. infusions earned per session in
nicotine vs. saline animals. Post-hoc with Bonferroni correction: * p < 0.05, ** p < 0.01, ***
p <0.001, **** p < 0.0001 between active and inactive presses in (A) and (B) and between
nicotine and saline in (C). Error bars indicate SEM.
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FR2 FRS
Session

Combined i.0. sucrose and i.v. drug delivery. (A) Active and inactive lever presses for i.o.
sucrose and i.v. nicotine self-administration or (B) i.0. sucrose and i.v. saline self-
administration. (C) Total i.v. sessions earned per session in i.0. sucrose animals with
combined i.v. nicotine or i.v. saline. Post-hoc with Bonferroni correction: * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001 between active and inactive presses in (A) and (B) and
between nicotine and saline in (C). Error bars indicate SEM.
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(A) Total infusions in combined i.0. flavorant and i.v. nicotine subjects across all
reinforcement schedules. (B) Average nicotine infusions during FR1 sessions. (C) Total
infusions earned for combined i.o. flavorant and i.v. saline subjects across all reinforcement
schedules. (D) Average saline infusions during FR1 sessions. Post-hoc with Bonferroni
correction: * p < 0.05, ** p < 0.01, **** p < 0.0001 between flavors in (B) and (D). Error
bars indicate SEM. Rats in the i.0. water and nicotine/saline groups (Figure 2) and from the
i.0. sucrose and nicotine/saline groups (Figure 3) are replotted here for comparison.
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Breakpoint to self-administer i.o0. flavorant and i.v. saline or nicotine in the progressive ratio
task.
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Active (CR) and inactive (NCR) nosepokes for i.0. saccharin (A) or i.0. menthol (B) after
five days of FRL1 training. Post-hoc test using a Holm-Sidak correction for multiple
corrections:; * p < 0.05, ** p < 0.01 between CR and NCR.
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Two-bottle choice experiments. (A) Dose response demonstration of oral nicotine aversion
in rats (Fq 59 = 72.361, p < 0.05, 2 x 2 repeated measures ANOVA). (B) 0.005% menthol +
nicotine increases oral intake compared to nicotine alone (main effect of menthol, Fq 31 =
171.125, p < 0.001, 2 x 2 repeated measures ANOVA). (C) 0.32% saccharin + nicotine
increases oral intake compared to nicotine alone: * p < 0.05.
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Table 1

Figures and Experimental Description

Summary of Results

Figure 1
Measurement of phasic DA combined with intraoral infusion
(Section 2.4).

1.0. infusion of 10% sucrose or 0.32% saccharin, but not 0.005% menthol nor
water, increases phasic DA release in the NAc core.

Figures 24
Combined i.0. and i.v. self-administration training and
behavior using long training regimen (Section 2.5).

Combined i.0. infusion of sucrose or saccharin with i.v. nicotine elevates self-
administration compared to i.0. water or menthol combined with i.v. nicotine.
Combined i.0. sucrose plus i.v. nicotine leads to decreased self-administration
compared to i.v. nicotine alone.

Figure 5
Progressive ratio test (Section 2.6) one day after long-training
regimen. Rats used were the same as in Figures 2—4.

No differences in sucrose, menthol, nor saccharin in breakpoint.

Figure 6
Conditioned reinforcement test (Section 2.7) after receiving
short training regimen (Section 2.5)

Conditioned reinforcement for saccharin nor menthol were altered by nicotine
pairings compared to saline pairings.

Figure 7
Two-bottle choice (Section 2.8)

Menthol or saccharin increase oral consumption of nicotine.
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