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Abstract

Rationale: Rapidly evolving e-cigarette technology developed for self-administering nicotine
aerosol has the potential to be utilized to self-administer other aerosolized drugs of abuse. Rodent
models which mirror characteristics of human e-cigarette use are necessary to explore the degree
to which this may be a public health concern.

Objectives: Our goal was to develop a highly translational model of discrete nose-only aerosol
puff drug delivery to explore the reinforcing effects of fentanyl and sufentanil aerosols in rats.

Methods: Male and female Sprague-Dawley rats were trained to perform a multiple schedule
FR1 lever-press, 4s (second) nose hold operant during which the subject’s orofacial areas were
exposed to drug-free glycerol/propylene glycol aerosol produced by a commercial e-cigarette at a
power setting of 18 watts. Each completed 4s drug-free vehicle aerosol exposure resulted in a 3s
presentation of a 0.1 ml dipper of sweetened milk solution. After training, rats were then allowed
to self-administer 4s nose-only puffs of fentanyl (100-6000 ug/ml) or sufentanil (30-500 ug/ml)
aerosol in the absence of paired milk dipper reinforcers.

Results: All 31 rats learned the lever-press/nose poke multiple schedule for milk dippers alone
and 25 accepted exposure to 4s of 18w of drug-free vehicle aerosol when paired with milk
dipper presentations. In the absence of paired milk dipper presentations, fentanyl aerosol puffs
at concentrations of 1000 and 3000 ug/ml as well as 100 ug/ml puffs of sufentanil served

as reinforcers compared to both air puffs and drug-free vehicle aerosol puffs. There were no
significant differences between males and females in number of fentanyl or sufentanil puffs
self-administered.

Conclusions: Discrete nose-only puffs of two potent opioids under exposure conditions
comparable to puff durations in human e-cigarette users serve as reinforcers in rats. This outcome
suggests that under appropriate conditions e-cigarettes might be a potential alternative delivery
mechanism for illicit opioids.
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Introduction

Electronic cigarette use has skyrocketed over the past decade. The U.S. Centers for Disease
Control estimates that e-cigarette use in high school students rose 900% between 2011

and 2015 and they are now more commonly used by youths in the United States than

are conventional tobacco products (e-cigarettes.surgeongeneral.gov). Most e-cigarette users
vape nicotine-containing e-juice, but current generation e-cigarettes have the potential to
aerosolize any illicit drug which can be solubilized in a suitable vehicle. Inhalation drug
delivery provides rapid CNS access and bypasses first-pass metabolism, therefore, the
potential for abuse of aerosolized drugs using e-cigarette technology could be significant.

There are a number of additional factors which might modulate the relative abuse liability of
drugs delivered as aerosols. The most important of these is likely to be potency. E-cigarette
devices only aerosolize a small volume of liquid to generate each puff inhaled by the

user. Nicotine is highly potent and newer more advanced e-cigarette devices appear to be
capable of producing subjective ratings of drug satisfaction and nicotine blood levels near
or equal to those resulting from smoked tobacco products (Hajek et al., 2017; St Helen
etal., 2016; St.Helen et al., 2016). In contrast, drugs with insufficient potency to produce
pharmacological effects after e-cigarette aerosol inhalation or those which require users to
expend quantities of drug that could be more efficiently administered via other routes might
be less likely to be abused using e-cigarettes. Unfortunately, some of the most concerning
drugs of abuse at the current time are highly potent and relatively inexpensive synthetic
opioids such as fentanyl and fentanyl analogs. In clinical studies, nebulized fentanyl aerosol
produces similar analgesic efficacy as intravenous fentanyl (Thompson and Thompson,
2016). It is likely that other physiological effects of fentanyl such as rewarding effects

can likewise be produced by aerosol delivery. There have been numerous highly publicized
reports of deaths attributed to fentanyl delivered by e-cigarettes and multiple recent DEA
notices have been published citing detection of fentanyl-adulterated e-juice in products
marketed as nicotine-containing e-juices but the extent to which experimentation with
aerosolized opioids is occurring is difficult to quantify.

Preclinical data on the abuse liability of opioid aerosols is limited. Three early studies
conducted before the widespread availability of current generation high output e-cigarettes
examined sufentanil aerosols generated by an ultrasonic nebulizer system (Jaffe et al.,

1990, 1989; Weinhold et al., 1993). The authors found that rats would lever-press under a
fixed-ratio 5 response schedule in 2-h daily sessions for sufentanil aerosol. Each 5s delivery
of aerosolized sufentanil into an exposure chamber was followed by a 15s dwell period
followed by a 60s fan-forced evacuation of spent aerosol from the chamber. Puffs of 25-75
ug/ml sufentanil exceeded puffs for the water vehicle, animals lost weight during the period
of testing and pre-session administration of naloxone reduced the number of sufentanil puffs
self-administered to levels similar to water aerosol suggests pharmacologically-relevant
effects were produced. More recently, it was demonstrated that rats as well as mice will self-
administer both fentanyl and sufentanil using e-cigarette based aerosolization systems and
that drug exposure using these systems produces both measurable blood drug concentrations
as well as physiologically relevant effects (Gutierrez et al., 2020; McConnell et al., 2021,
Moussawi et al., 2020; Vendruscolo et al., 2018). When combined, the available preclinical
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data and anecdotal human reports suggest that aerosolized opioid delivery could become a
significant public health concern. Additional data in animals using conditions which more
closely mimic likely usage patterns in humans are necessary to further investigate this
possibility.

One consistent feature of all prior preclinical rodent self-administration studies of which
we are aware was the utilization of a full body exposure methodology in which operant
responding resulted in the entire experimental chamber containing the animal being flooded
with drug-laden aerosols (Frie et al., 2020; Gutierrez et al., 2020, 2021a, 2021b; Jaffe et

al., 1989, 1990; Javadi-Paydar et al., 2019; McConnell et al., 2021; Nguyen et al., 2016a;
Vendruscolo et al., 2018; Weinhold et al., 1993). This full-body exposure approach has both
advantages and limitations. The chief advantages of this method are the relative simplicity
of the apparatus and the ability to expose subjects to drug aerosols for extended durations.
However, the physical limitation of the rapidity at which relatively large, whole body
exposure chambers can be filled with aerosol and the length of time required to evacuate
spent aerosol from the chamber present challenges in the ability to model human aerosol
inhalation behavior. Specifically, human e-cigarette users typically inhale intermittent,
short 3-5s puffs of aerosol (St.Helen et al., 2016; Voos et al., 2020). In intravenous
self-administration studies it has been demonstrated that longer infusion durations reduce
the reinforcing efficacy of a drug compared to shorter infusion durations (Balster and
Schuster, 1973). Therefore it is possible that exposure durations in rodent experiments could
influence the reinforcing efficacy of drug aerosols. A second concern with whole body
exposure is that the animal as well as the entire test chamber environment is subject to
progressively increasing condensed aerosol contamination after each puff. This could result
in oral ingestion of drug by licking and grooming behavior innate to rodents and a secondary
but physiologically-relevant route of drug exposure, especially given the high potencies of
drugs such as synthetic opioids.

The primary goal of the present study was to develop and characterize a rodent model

of e-cigarette delivered opioid aerosol reinforced behavior which recapitulates human use
patterns as closely as possible to further elucidate the potential abuse liability of aerosolized
opioids. To achieve this goal we designed and constructed a rodent e-cigarette aerosol self-
administration system that restricted e-cigarette derived aerosol exposure to the orofacial
region of the subjects. Rodents are obligate nose breathers, therefore we hypothesized this
would produce primarily inhalational aerosol exposure and limit the possibility of oral drug
ingestion. To facilitate acquisition of the aerosol delivery operant we utilized a paired liquid
reinforcer under a multiple schedule procedure.

Materials and Methods

Subjects

Adult Sprague-Dawley rats (24 male/9 female) purchased from Charles River Laboratories
(Frederick, MD) were used as subjects. Rats were at least 60 days of age prior to initiation
of experiments. Rats were housed on a 12/12h reverse light/dark cycle (lights off at 0600)
in clear polycarbonate microisolator cages with corncob bedding. Rats were tested between
the hours of 0700-1300. Rats were fed a daily allotment of standard rodent chow (Harlan,
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Madison, WI) in quantities necessary to maintain healthy weights and prevent obesity. Water
was available ad libitum except during experimental sessions. All procedures were approved
by the Institutional Animal Care and Use Committee of Virginia Commonwealth University.

Compounds.

Apparatus.

USP vegetable glycerin and propylene glycol were obtained from Fisher Scientific. Fentanyl
hydrochloride and sufentanil citrate were obtained from the National Institute on Drug
Abuse Drug Supply Program. E-liquid was prepared in the laboratory by combining 50%
USP-grade propylene glycol and 50% USP-grade glycerin by volume (Fisher Scientific).
The e-liquid was shaken well and then stirred on a magnetic bar stir-plate for a minimum

of 12 hrs prior to use. Drug-containing e-liquids were prepared by weighing the appropriate
amount of drug for a given concentration and then combining the powered drug with drug-
free vehicle. The mixture was then stirred using a magnetic bar stir-plate for a minimum of
12 hrs to fully dissolve the drug into the vehicle solution. The milk solution used as a liquid
reinforcer was prepared daily and consisted of a mixture of 25% powdered nonfat milk, 25%
cane sugar and 50% tap water by volume.

Aerosol self-administration training and testing was conducted in six modified rat operant
conditioning chambers (Diagram 1) constructed of acrylic, stainless steel and aluminum
walls with a stainless steel bar floor (Coulbourn Instruments, Allentown PA). The front wall
of each chamber consisted of a slotted 3-section response panel. Two response levers were
located 6 cm from the chamber floor in the right as well as the left slot of the chamber front
wall. Above each response lever was a 3 watt (w) amber LED stimulus light. In the center
slot of each front panel, 6 cm from the floor, was a 3.5 cm circular aperture into which

the rat could insert their head. Attached behind the aperture was a custom manufactured
acrylonitrile butadiene styrene (ABS) plastic aerosol delivery apparatus. Plastic components
of the apparatus were designed using Autodesk Fusion 360 computer-aided 3-dimensional
modeling software (San Rafael, CA) and printed by fused deposition modeling on a
Flashforge Creator Pro 3D printer (Jinhua City, Zhejiang, China). The apparatus consisted of
a 40x40 mm square aerosol nose-poke exposure chamber with a multiport aerosol diffusion
manifold incorporated into the upper rear quadrant of the chamber. The bottom of the nose-
poke chamber contained a 10mm hole into which a 0.1 ml dipper cup could be elevated into
the nose-poke chamber using an electrically-operated liquid dipper (Model ENV-202-M-S,
Med Associates, Fairfax, VT). On the exterior side walls of the nose-poke chamber, 15

mm above the nose-poke chamber floor an infrared photobeam sensor emitter and receiver
set was mounted to detect head entries (Adafruit Industries, New York, NY). A 3w amber
stimulus lamp was located in the rear of the nose-poke chamber, opposite the head entry
aperture. The top of the nose-poke chamber contained a 23 mm circular opening to which
attached a 90 cm tall curved plastic exhaust chimney. A 25mm 12v variable speed axial
muffin fan (Newark Electronics) was mounted at the upper end of the chimney in order to
draw spent aerosol from the nose-poke chamber which was then exhausted into a fume hood.
A 3w incandescent chamber houselight was located in the upper center of the rear wall of
the operant chamber.
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Diagramnl

A = Air pump

B — Vaporizer

C - E-cigarette (APV)

D - Electronics package
E - Vapor delivery tube
F — Pump speed control
G — Nose-poke chamber
. H - Exhaust stack

| - Exhaust fan

J - Liquid dipper

Aerosol was generated by an Innokin iSub 0.5 ohm stainless steel coil inserted into an
Innokin iSubV Vape reservoir tank. The tank was attached to a Smoktek R200 200W Box
Mod e-cigarette. The coil, reservoir and e-cigarette were purchased from a commercial
source (Directvapor.com). The reservoir tank was modified by sealing the air intake slots
at the base of the reservoir with epoxy and drilling and tapping the base of the tank to
accept a 1/8 inch threaded hose barb. A length of latex tubing connected the hose barb to a
computer-actuated variable speed 12v diaphragm air pump (American Science and Surplus,
Chicago, IL). The aerosol outflow from the mouthpiece of the e-cigarette was directed

by PVC tubing into a fitting molded into the outside of the diffusion manifold within

the nose-poke chamber. The e-cigarette was modified to be triggered by a remote relay
switch by partially disassembling the device to remove the tactile firing button, soldering
two contact wires in place of the button contacts and reassembling the e-cigarette. The
e-cigarette, photobeam detector, air pump and exhaust fan were connected to a commercial
operant behavior interface, control and data acquisition system (Med Associates, Fairfax,
VT) through the use of an in-house custom-designed relay and voltage conversion control
board (Diagram 1).

System operation: E-cigarette aerosol puffs were generated by the application of positive
pressure to the e-cigarette reservoir tank by means of the air pump. The air pump output
was adjusted to a rate of 1 liter/min by altering the driving voltage and the flow rate was
verified by a high precision flowmeter (Matheson Tri-Gas, Montgomeryville, PA). Upon
completion of the fixed-ratio (FR) lever-press requirement, the houselight was extinguished
and the cue lamp within the nose-poke chamber was activated. Subsequent detection by the
photobeam of the subject’s nose within the nose-poke chamber triggered a series of timed
signals to each component. First, the e-cigarette heating coil was preheated for 1s. The air
pump was then activated, pressurizing the e-cigarette reservoir tank and sending a stream

of aerosol through the attached tubing and diffusion manifold into the nose-poke chamber.
One second after the air pump was activated, the exhaust fan in the chimney of the apparatus
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was also energized, drawing spent aerosol from the nose-poke chamber at a rate set to
balance input and maintain the visible aerosol cloud entirely within the nose-poke chamber.
At the conclusion of the puff, the e-cigarette coil, air pump and nose-poke chamber cue lamp
were deenergized. The fan remained activated for an additional 4s to clear all spent aerosol
from the nose-poke chamber. In training sessions, the liquid dipper was elevated into the
nose-poke chamber for a period of 3s after the completion of the aerosol puff, provided that
the subject retained head position within the chamber for the entire duration of the puff as
determined by the continuous interruption of the infrared photodetector within the chamber.

Aerosolization volume determination: Prior to initiating rodent studies, an experiment
was first conducted to characterize the relationship between e-cigarette output wattage
setting and volume of e-liquid aerosolized using our system. An assay of a variety of
commercially-produced e-liquids found that almost all contained primarily propylene glycol
and vegetable glycerol as vehicles, often with a smaller percentage of water (EL-Hellani et
al., 2018). For all of our studies we utilized a 50% propylene glycol and 50% vegetable
glycerol to be consistent with this finding. For each determination, an e-cigarette reservoir
tank was fitted with a fresh 0.5 ohm heating coil and filled with 3 ml of 50% propylene
glycol/50% vegetable glycerol vaping solution. The filled reservoir tank was weighed on an
analytical balance and then connected to the e-cigarette electrical circuit. The e-cigarette was
actuated remotely for a total of 10, 4s puffs with a 20s timeout period between each puff.
Positive-pressure air flow rate through the e-cigarette was set at 1 liter/min using a high
precision flowmeter as described previously. The reservoir tank was then removed from the
e-cigarette and reweighed to determine the total weight lost in mg. The specific gravity of
the vehicle was used to convert the weight in mg to volume in ul. Total volume was divided
by 10 to estimate the volume aerosolized per puff. This process was completed at e-cigarette
wattage settings ranging between 5 and 18 watts with 5 replicates per wattage setting.

Puff training: Naive rats were first trained in daily 30-min operant sessions to insert

their nose and forward portion of their head into the nose-poke chamber and break the
photobeam, resulting in a 3s presentation of a 0.1 ml dipper cup containing sweetened milk
solution. After subjects performed the head entry operant for milk dippers, the schedule was
converted to a multiple schedule of lever-pressing and head entry. The subjects were first
required to emit a FR1 response on the right lever within the operant chamber. Completion
of the FR1 extinguished the operant chamber houselight and right lever light and illuminated
the stimulus light within the nose-poke chamber. The subject was then required to place
their head within the nose-poke chamber and break the photobeam for at least 0.5s, upon
which the milk dipper elevated for 3s. The head entry hold time required was then increased
across successive training days until 4s of uninterrupted head positioning within the nose-
poke chamber was required for each 3s milk dipper presentation. Any head withdrawal
before the specified time elapsed reset the schedule and stimulus lights back to the FR
lever-press requirement and did not produce milk dipper presentation. One male subject
could not be trained to maintain head position for 4 sec for milk dippers and did not advance
beyond this point in training. Upon successful training of the multiple schedule lever-press/
head entry operant, training progressed to include exposure to 4s of vehicle aerosol. Prior
preliminary studies showed that aerosol-naive rats would avoid exposure to vehicle vapor
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at high e-cigarette wattages, therefore, in the present study the e-cigarette output wattage
was increased slowly over successive training sessions to 18 w. Each wattage was tested for
a minimum of 5 sessions in a given subject or until responding stabilized as evidenced by
no increasing or decreasing trends in responding in the last 3 sessions. This procedure was
repeated over several progressive steps until 18w was achieved.

Test procedure: Those rats that responded for greater than 20, 4s puffs of 18w of vehicle
aerosol paired with 3s milk dipper access in 30 min advanced to the drug aerosol test

phase of the study. Five male subjects failed to reach this criteria and did not advance to
drug aerosol testing. One female developed mammary tumors and was euthanized prior

to completion of testing. Drug aerosol tests were conducted in repeated 5-session blocks
(M-F). Between testing of each drug concentration, vehicle aerosol paired with milk dipper
presentation was available for at least 5 sessions or until responding stabilized as evidenced
by no increasing or decreasing trends in the prior 3 sessions. This was followed by a
5-session block in which drug-containing e-liquid was substituted for drug-free e-liquid
(vehicle aerosol) and dipper presentations were omitted (i.e. subjects responded for aerosol
only). After completion of testing of a given drug concentration, the subjects returned to

the vehicle aerosol+milk condition for at least 5 sessions and the process was repeated for
each additional drug concentration examined. Fentanyl-containing e-liquid at concentrations
of 100, 300, 1000, 3000 and 6000 ug/ml as well as fentanyl-free vehicle and an air-puff only
aerosol-free extinction control were examined in a pseudo-random order balanced across
subjects. After completion of the fentanyl concentration-effect curve, an identical procedure
was used to examine sufentanil (30, 100 and 500 ug/ml) as well as sufentanil-free vehicle
and an air-puff only aerosol-free extinction control.

Data Analysis: E-cigarette aerosol output volume produced by 10 puffs was determined
by converting the weight loss from the vaporizer into a volume in ul. The resulting

volume was divided by 10 to estimate volume per puff. Five replicate determinations were
performed at each wattage and mean values (+/- SEM) were calculated from this data. For
self-administration studies, total daily session right and left lever presses and number of
completed puffs for each subject were collected using MedPC V4 software (Med Associates,
St. Albans VT, USA). Puffs were only registered as complete and recorded if the subject
retained head position within the nose-poke chamber for the entire duration of the aerosol
puff, which was 4 sec at the completion of drug-free paired dipper + puff training. Puffs

of less than the programmed duration reset the sequence without being recorded as a
completed puff. For each subject, a mean number of puffs completed was calculated based
on the last 3 sessions at each test condition. The number of puffs for both fentanyl and
sufentanil and inactive-lever responses were then analyzed according to a 2-step process
using Prism 9 for Macintosh. The threshold for statistical significance for main effects
and/or interactions was set at p< 0.05. Initially puffs were compared using a 2-way (animal
sex X drug concentration) mixed-model analysis of variance (ANOVA). For both drugs,

the main effect of sex and the interaction of sex x drug concentration were not statistically
significant, therefore the data for each drug was collapsed across sexes and one-way within
subject ANOVAs were conducted on total number of puffs received. Significant main effects
of drug concentration were followed by Fisher’s post-hoc tests to determine those drug
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Results

concentrations that differed from the no-puff extinction condition as well as the vehicle
vapor condition. An identical 2-step statistical analysis process was completed on inactive-
lever presses in the fentanyl and sufentanil experiment.

Figure 1 shows aerosolization volume of 50% propylene glycol/50% vegetable glycerol
vehicle as a function of increasing e-cigarette vaporizer output wattage. Data shown in

filled squares are the means (+/— SEM) of 5 aerosolization volume determinations at each
wattage setting. Individual determinations are shown in open circles. As e-cigarette wattage
increased, aerosol volume per puff also increased. There was no detectable volume of
vehicle solution aerosolized at an e-cigarette output of 5 watts. Detectable volume loss of
0.43 ul (+/- 0.08 ul) per puff occurred at an output of 9 watts. At 18 watts, the power setting
utilized in the self-administration experiments with fentanyl and sufentanil, each 4s puff
aerosolized a mean of 4.8 ul (+/- 0.19 ul) of vehicle vaping solution.

Figure 2 shows results from male (n=14) and female (n=6) rats examining the effect of
systematically increasing the wattage which increased vehicle aerosol exposure density
present in the nose-poke chamber on total number of 4s aerosol puffs completed when
each completed puff was reinforced by milk dippers. At the 0 watt condition, males earned
a mean of 60 paired puffs+dippers and females earned a mean of 82 puffs+dippers. At

18 watts, males earned a mean of 73 paired puffs+dippers and females earned a mean

of 76 puffs/dippers. There was no main effect of e-cigarette wattage on puffs+dippers
[F(6,120)=0.900, p=0.497]. There was also no main effect of sex [F(1,20)=0.873, p=0.361]
on puffs+dippers. The interaction of e-cigarette wattage x sex also failed to reach statistical
significance [F(6,120)=2.092, p=0.059]. It required a mean of 46 experimental sessions (+/—-
2.5) to reach the final drug-free training condition of 4s head entry/18w vehicle aerosol +
3s milk dipper training condition prior to initiating opioid exposure testing. The number

of sessions required to reach the 4s hold at each increase in e-cigarette output wattage

was highly subject-dependent with some subjects quickly becoming acclimated to higher
wattages, while others required several days over which behavior was initially suppressed
before rebounding and stabilizing.

The reinforcing effects of fentanyl aerosol puffs were examined in 14 male and 6 female
rats. Mean aerosol puffs per session for concentrations of 100 to 6000 ug/ml fentanyl,

in the absence milk dipper presentations as well as an air puff-only extinction condition
and the vehicle aerosol condition are shown in the upper panel of figure 3. Fentanyl
aerosol puff self-administration produced an inverted U-shaped concentration-effect curve
reaching a maximum of 17 puffs/30-min session at a concentration of 3000 ug/ml. A two-
way ANOVA (concentration x sex) revealed a significant effect of fentanyl concentration
[F(6,108)=3.755, p=0.002] but no main effect of sex [F(1,18)=1.146 p=0.299] nor a
concentration x sex interaction [F(6,108)=1.668, p= 0.136], therefore the data from males
and females were combined, plotted together and reanalyzed by 1-way ANOVA. A 1-way
ANOVA demonstrated a significant main effect of fentanyl concentration [F(6,114)=3.939,
p=0.001]. Post-hoc Fisher tests revealed that puffs of 300-6000 ug/ml fentany! were self-
administered in significantly (p<0.05) greater numbers than air puffs and that puffs of
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1000 and 3000 ug/kg fentanyl were self-administered in significantly greater numbers than
drug-free vehicle puffs. There was no significant difference between the number of air puffs
obtained and number of drug-free vehicle puffs obtained. The lower panel of figure 3 shows
inactive-lever responding under vehicle control conditions and each fentanyl aerosol puff
test concentration. Inactive-lever pressing was uniformly low, peaking at 3.4 responses per
30-min session at the 1000 ug/ml fentanyl puff condition. There was no main effect of
fentanyl aerosol puff concentration on inactive-lever responding (F[6,114]=0.684, p=0.663).

The reinforcing effects of sufentanil aerosol puffs were examined in 11 male and 7 female
rats. Of these, 2 males and 2 females were drug naive while 9 males and 5 females had

been used in the prior tests with fentanyl. A two-way ANOVA (sufentanil concentration x
sex) revealed a significant main effect of sufentanil concentration [F(4,64)=3.281, p=0.017]
but no main effect of sex [F(1,16)=0.021, p=0.887] nor a concentration x sex interaction
[F(4,64)=1.353, p=0.298] therefore the data from both sexes was pooled and reanalyzed

by 1-way ANOVA. Figure 4 shows sufentanil aerosol puffs at concentration of 30, 100

and 500 ug/ml as well as air only puffs and drug-free vehicle aerosol puffs. Sufentanil
produced an inverted-U shaped concentration-effect curve with a mean of 18 puffs/30-min
session at the intermediate 100 ug/ml sufentanil concentration (upper panel). There was a
main effect of sufentanil concentration on number of puffs administered [F(4,68)=3.161,
p=0.019]. Post-hoc Fisher tests revealed that the 100 ug/ml sufentanil concentration resulted
in a significantly greater number of puffs compared to both the air puffs as well as drug-free
vehicle. The lower panel of figure 4 shows inactive-lever responding during extinction,

the drug-free vehicle control condition and each sufentanil aerosol puff test concentration.
Inactive-lever pressing was uniformly low with a mean of less than 3 responses/session
across all tests. There was no main effect of sufentanil concentration on inactive-lever
responding (F[4,68]=0.102, p=0.981).

Discussion

The present data demonstrate that rats can be trained to self-expose to 18w/4s puffs of
drug-free e-cigarette aerosol when food delivery is made contingent upon aerosol exposure.
The e-cigarette power setting of 18w produced a thick aerosol cloud in the nose-poke
chamber that rats initially avoided. By gradually increasing the e-cigarette wattage, the total
number of vehicle aerosol puffs accepted could be maintained at levels no different from the
aerosol-free air-puff initiation condition. There was a trend toward an interaction of sex and
e-cigarette wattage in which responding in the female rats was greater than the male rats at
the 0 and 1 watt e-cigarette output settings. The study utilized a greater number of males
than females, therefore, the failure to reach statistical significance is probably the result

of insufficient statistical power to resolve sex differences. For the e-cigarettes used in the
present study, wattages below 9 watts did not produce measurable aerosol generation (see
figure 1). At e-cigarette wattages of 9 watts and higher, which did generate aerosol, the data
from males and females converged (figure 2). As such it is more likely that the potential sex
difference is related to a difference in milk reinforcer training rather than a result of aerosol
exposure itself.
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In the absence of paired milk dipper deliveries, 4s nose-only puffs of both fentanyl and
sufentanil aerosol served as reinforcers in rats, significantly exceeding puffs of vehicle
aerosol alone as well as an air-puff only aerosol-extinction test condition. Puffs of fentanyl
and sufentanil both produced inverted U-shaped concentration-response curves with a
similar number of puffs self-administered per 30-min session at optimal concentrations

of each drug. The number of puffs of drug aerosol self-administered in the absence of

milk reinforcers was considerably lower than the number of puffs of vehicle aerosol when
combined with milk dippers. This is likely due to differences across reinforcer classes

as it is not uncommon for rats to achieve very high numbers of highly palatable food
reinforcers earned per experimental session, whereas drug reinforcer self-administration

is impacted by the direct pharmacological effects of the drug, resulting in titration of
responding. Regardless, the number of opioid aerosol puffs self-administered in the present
study was as great or greater than the number of opioid aerosol puffs self-administered

in previously reported studies, especially when scaled for session duration which varied
widely across experiments (Gutierrez et al., 2020; Jaffe et al., 1990, 1989; Moussawi et

al., 2020; Vendruscolo et al., 2018; Weinhold et al., 1993). The number of fentanyl vapor
puffs per unit time in the present study also are well within the range of those reported in
rats self-administering fentanyl intravenously when adjusted for session duration (Malone
et al., 2021; Reiner et al., 2021; Sustkova-Fiserova et al., 2020). These results extend

and complement a growing body of data from previous full body opioid exposure studies
showing that rats will self-administer puffs of sufentanil aerosols generated by an ultrasonic
neubulizer as well as fentanyl, sufentanil and heroin aerosols generated by e-cigarettes (Joan
W. Flacke et al., 1985; Gutierrez et al., 2020; Jaffe et al., 1989, 1989; McConnell et al.,
2021; Moussawi et al., 2020; Vendruscolo et al., 2018; Weinhold et al., 1993).

Aerosol inhalational self-administration in rodents has been proposed as a compliment or
even an alternative to the more traditional route of intravenous self-administration (Frie

et al., 2020; Gutierrez et al., 2020, 2021a; Javadi-Paydar et al., 2019; McConnell et al.,
2021; Miliano et al., 2020; Moussawi et al., 2020; Nguyen et al., 2016a; Vendruscolo

et al., 2018). Prior experiments in rodents have demonstrated that opioids, psychomotor
stimulants, nicotine and cannabinoid aerosols produce many of the same physiological and
neurochemical responses as when given by other more traditional routes (Gutierrez et al.,
2021a, 2020; Harris et al., 2018; Javadi-Paydar et al., 2018; Nguyen et al., 2016a, 2016b;
Taffe et al., 2021). As such, hypothesizing inhalational self-administration as an alternative
to intravenous self-administration has merits. However there are a number of unique aspects
associated with inhalational drug delivery and technical challenges which must be addressed
if the method is to be accepted and more widely adopted.

One question to be addressed is the degree to which inhalation drug self-administration

is governed exclusively by the pharmacological effects of the drug or whether other non-
pharmacological factors may also be important in controlling the behavior. Prior studies
have shown that both fentanyl and sufentanil aerosol exposure produce physiological effects,
supporting the hypothesis that the pharmacological effects of self-administered fentanyl

and sufentanil aerosol are behaviorally relevant (Gutierrez et al., 2021a; Jaffe et al., 1989;
Moussawi et al., 2020; Vendruscolo et al., 2018). An additional line of evidence to support
this hypothesis would be to demonstrate that the relative potency of fentanyl and sufentanil
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in the aerosol self-administration procedure are comparable to the relative potencies of

the two drugs when administered by other routes and in different types of behavioral
procedures. We are unaware of any studies that have directly compared intravenous self-
administration of sufentanil and fentanyl in rats in the same experiment. However, in

assays of antinociception and respiratory suppression in rodents, sufentanil is approximately
10- to 30-fold more potent than fentanyl (J. W. Flacke et al., 1985; van den Hoogen

and Colpaert, 1987; Yeadon and Kitchen, 1990). In the present study both fentanyl and
sufentanil produced a similar peak number of puffs self-administered but sufentanil was
approximately 30-fold more potent than fentanyl. Therefore our self-administration data is
consistent with established potency ratios between the two drugs.

Another important question is the extent to which aerosol self-administration studies using
differing methods produce comparable data. There are numerous technical differences across
published studies which make comparisons challenging. Studies examining e-cigarettes as
nicotine delivery devices have demonstrated that e-cigarette power settings, air flow rates,
aerosolization vehicle composition and other factors impact the amount of nicotine aerosol
generated by the devices (DeVito and Krishnan-Sarin, 2018; Kosmider et al., 2018) as well
as influence inhalable particle size which has implications for drug absorption (Mulder et
al., 2019). These factors would be expected to have similar effects upon the aerosolization
of opioids. Even were one to assume that aerosolization device characteristics were not a
significant concern, other methodological factors such as duration of exposure, which is
known to impact the abuse-related effects of inhaled drugs (Shelton and Slavova-Hernandez,
2009) have varied widely across experiments.

In the present experiment, peak numbers of 4s fentanyl puffs occurred when subjects

were allowed to self-administer fentanyl aerosol generated from a 3 mg/ml solution. A
prior experiment conducted in rats utilized a fixed concentration of 10 mg/ml fentanyl
(McConnell et al., 2021) while a study in mice noted peak self-administration rates

when using a 2.5 mg/ml fentanyl solution (Moussawi et al., 2020). These concentration

are remarkably similar even though there were many other dissimilarities in exposure
parameters such as e-cigarette type, output power and aerosol contact time. This might
suggest that a fairly narrow range of opioid e-liquid concentrations will support aerosol
self-administration in rodents, and other methodological differences may have less impact.
This hypothesis is weaker when comparing reported sufentanil liquid concentrations across
aerosol experiments. The optimal self-administration concentration of 100 ug/ml sufentanil
in the present study is similar to that from three prior experiments reporting peak self-
administration at nebulized sufentanil liquid concentrations of 50-75 ug/ml (Jaffe et al.,
1990, 1989; Weinhold et al., 1993). This was despite the puff duration being 4s in the
present study and 15s in the earlier experiments. However, in a more recent report,

a dramatically lower concentration of 1.65 ug/ml sufentanil, at a puff duration of 10s
supported self-administration, while 10 ug/ml sufentanil resulted in fewer aerosol deliveries
(\Vendruscolo et al., 2018). Additional data across a more extensive and systematically
manipulated series of conditions will be necessary to fully address the relationship between
aerosolization liquid drug concentration, puff durations and nose-only vs full body exposure
Kinetics in order to determine the extent to which they might impact relevant endpoints.
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Another significant complicating factor for studies examining drugs self-administered

as aerosols are the potential effects exerted by the vehicle itself. In intravenous self-
administration experiments, the drug vehicle is typically saline which has little physiological
impact or reinforcing efficacy, therefore, a greater number of drug than vehicle infusions
are typical even at low work requirements such as FR1 (Awasaki et al., 1997; Sharp et

al., 2021). The earliest reports of sufentanil aerosol self-administration used a water-based
vehicle with an ultrasonic nebulizer and found that although response rates for sufentanil
were low, operant responding for drug-containing aerosol exceeded that of water aerosol
(Jaffe et al., 1990, 1990; Weinhold et al., 1993). In contrast, the vehicles utilized for
e-cigarette based aerosolization typically contain propylene glycol and vegetable glycerol
either alone, or more commonly in some proportional mixture which varies widely across
products (Li et al., 2020). Human e-cigarette users describe vegetable glycerol as having

a sweet flavor while propylene glycol is utilized to provide a “throat hit” reminiscent of
traditional cigarettes (Harvanko et al., 2019; Rao et al., 2018). The degree to which the
vehicle itself impacts drug aerosol self-administration in rodent studies is unclear. One
experiment in mice found that that puffs of vehicle aerosol self-administered exceeded puffs
of 2.5, 5 and 10 mg/ml fentanyl aerosol self-administered under a FR1 schedule (Moussawi
et al., 2020). In a prior study in rats, active nose pokes for sufentanil aerosol presentation
were lower than nose pokes for vehicle vapor + drug paired cues, vehicle vapor without
cues, cues without vapor or a no vapor or cue extinction condition (Vendruscolo et al.,
2018). Female mice responding for heroin aerosol using a FR1 lever-press without a nose-
poke requirement only showed significantly higher drug-lever vs vehicle-lever responding
on three non-consecutive days of a 10 day acquisition period (Gutierrez et al., 2021a). In
the present experiment, active-lever responding for vehicle aerosol as well as active-lever
responding during air-puff only extinction tests exceeded inactive-lever responding which
can likely be attributed to conditioned reinforcing effects resulting from the continued
response-contingent presentation of visual stimulus light cues and air pump activations
which had also been paired with drug aerosol delivery. However, propylene glycol/vegetable
glycerol vehicle aerosol puffs were almost identical to air only puffs suggesting a lack of
primary reinforcing effects of vehicle aerosol. Importantly, in contrast to prior studies, both
fentanyl and sufentanil produced a statistically greater number of active-lever responses

and drug aerosol puffs than did drug-free vehicle aerosol or air puffs. Further, at least

one concentration of drug aerosol was self-administered at levels significantly greater than
drug-free vehicle by 17 of 20 subjects in the fentanyl experiment and 15 of 18 subjects in the
sufentanil experiment. Taken together these data clearly demonstrate that both fentanyl and
sufentanil aerosol were serving as positive reinforcers.

One hypothesis for why the present procedure resulted in fentanyl and sufentanil aerosol
demonstrating reinforcing effects whereas the drug-free vehicle did not may be the complex
multiple schedule of lever-press+nose pokes we employed. The paired vehicle aerosol+milk
dipper procedure utilized to promote consistent 4s nose-only aerosol exposures during
acquisition could have also played a role. Increasing work requirements or using complex
schedules as a means to differentiate the relative reinforcing efficacy of drugs from one
another have been used previously in a variety of contexts. For instance, in primates,
combinations of methadone and ethanol or methadone and cocaine were only demonstrated
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as being more reinforcing then either drug alone when the fixed-ratio value was high
(Shelton et al., 1998; Wang et al., 2001). Similarly, in rats, combinations of intravenously
self-administered heroin combined with cocaine maintained responding greater than vehicle
or either drug alone at a higher fixed-ratio value (Martin et al., 2006). Progressive

ratio schedules and choice procedures have likewise been effective in differentiating the
relative reinforcing effects between two drugs and between drugs and alternative non-drug
reinforcers (Gauvin et al., 2018; Panlilio et al., 2017; Richardson and Roberts, 1996).

The possibility that the higher work requirement of the multiple schedule was a factor

is also consistent with the observation from a prior study where mice defended their
exposure to fentanyl puffs more strongly than vehicle aerosol puffs at FR10 compared

to FR1 (Moussawi et al., 2020). The possibility that the milk dipper-reinforced vehicle
aerosol acquisition procedure itself was responsible for promoting sufficient drug exposure
to facilitate the acquisition of fentanyl and sufentanil aerosol-reinforced behavior will
require additional data to address. Specifically it will be necessary to assess if rats will self-
administer nose only opioid aerosol puffs in the absence of any prior training with another
reinforcer. Although that is possible, we speculate that the complex, multiple schedule of
lever pressing and extended nose hold utilized in the present study to mimic puff durations
typical of human e-cigarette users (St.Helen et al., 2016; Voos et al., 2020) is unlikely to be
acquired by rats without considerable training.

In summary, the present data demonstrate that discrete 4s nose-only puffs of both

fentanyl and sufentanil aerosol delivered by a standard commercial e-cigarette will be
self-administered by rats. Under a multiple schedule, which imposes relatively stringent
response costs, both fentanyl and sufentanil aerosol reinforced lever-pressing, whereas the
propylene glycol/vegetable glycerol vehicle did not. Although it was not a focus of the
present experiment, there does not appear to be any sex differences in self-administration
of either fentanyl or sufentanil aerosol. However, the present study used a larger number
of males than females so additional studies with greater statistical power to detect sex
differences will be necessary to verify our current findings. These data add to the growing
literature demonstrating the likely abuse potential of potent synthetic opioid aerosols. The
present data also support the potential utility of nose-only opioid aerosol puff delivery in
preclinical studies examining the abuse-related effects of drugs but considerable additional
work is necessary to further refine rodent aerosol self-administration procedures before they
can be considered an attractive alternative to intravenous self-administration.
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Fig 1.

Efgfect of increasing e-cigarette output wattage setting on total aerosolization volume of

50% propylene glycol/50% vegetable glycerol vehicle. Mean (+/- SEM) vehicle volume (ul)
aerosolized per puff is shown by filled squares. Open circles show volume aerosolized in
each of the 5 replicate determinations at each wattage setting.
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Fig 2.

Efgfect of increasing e-cigarette output wattage during training on number of 4s nose-only
puffs of 50% propylene glycol/50% vegetable glycerol vehicle aerosol received when
reinforced by 3s of access to a 0.01 ml liquid dipper containing sweetened milk. Mean
(+/- SEM) aerosol vehicle vapor puffs per 30-min test session received by male rats are
shown in open squares ([]) and females are shown in filled circles (@).
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Fig 3.

Cc?ncentration effect curves for fentanyl aerosol puff self-administration (n=20). The upper
panel shows mean (+/- SEM) 4s/18 watt fentanyl aerosol puffs obtained in the last three
30-min test sessions at each of the fentany! liquid concentrations (@). Also shown are the
mean (+/- SEM) air only puffs obtained ([_]) and mean (+/— SEM) puffs of fentanyl-free,
50%vegetable glycerol/50% propylene glycol vehicle (O). The lower panel shows mean
(+/- SEM) inactive-lever responses emitted in the last three 30-min test sessions at each
fentanyl concentration (@). Also shown are the mean (+/- SEM) inactive-lever responses
emitted in the air puff test condition ([_I) and mean (+/— SEM) inactive-lever responses
in the fentanyl-free vehicle test condition (O). # indicate statistically significant (p< 0.05)
differences compared to air puffs. * indicate statistically significant (p< 0.05) differences
compared to drug-free vehicle aerosol. Bracketed NS indicates no statistically significant
difference between air puffs and drug-free vehicle aerosol puffs.
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Fig 4.

Cc?ncentration effect curves for sufentanil aerosol puff self-administration (n=18). The upper
panel shows mean (+/— SEM) 4s/18 watt sufentanil aerosol puffs obtained in the last three
30-min test sessions at each of the sufentanil liquid concentrations (@). Also shown are the
mean (+/— SEM) air-only puffs ([_]) and mean (+/- SEM) puffs of sufentanil-free vehicle
(O). The lower panel shows mean (+/- SEM) inactive-lever responses emitted in the last
three 30-min test sessions at each sufentanil concentration (@). Also show are the mean

(+/- SEM) inactive-lever responses emitted in the air puff test condition ([_) and mean (+/-
SEM) inactive-lever responses in the sufentanil-free, 50% vegetable glycerol/50% propylene
glycol vehicle control condition (O). # indicate statistically significant (p< 0.05) differences
compared to air puffs. * indicate statistically significant (p< 0.05) differences compared

to drug-free vehicle aerosol. Bracketed NS indicates no statistically significant difference
between air puffs and drug-free vehicle aerosol puffs.
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