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Abstract

The reinforcing efficacy of vaporized methamphetamine HCI (0.3 mg/kg) was determined in
baboons with minimal previous drug exposure. A group of 8 adult male baboons was tested prior
to a group of 7 adult female baboons. Baboons were initially trained to suck on a brass stem
activating a pressure-sensitive relay (i.e., puff), to receive one M&M® candy. Five of the 8 males
and 6 of the 7 females learned to activate the relay. 0.05 ml of 95% ethyl alcohol containing 0.3
mg/kg methamphetamine was vaporized and delivered to the mouth of the baboon after he/she
completed 2 puffs; a single candy was given after an additional 5 puffs to ensure that baboons
continued puffing after the aerosol entered their mouths. Puffing was recorded but not reinforced
by candy or drug for 2 min after each aerosol delivery for males and 1 minute for females. Males
could earn 10 and females could earn 20 aerosol deliveries. Males made between 225 and 650
puffs each session. Females made between 200 and 400 puffs each session. When only candy and
placebo aerosol were delivered the number of puffs decreased in all 6 females but increased in all
5 males. When candy was delivered without aerosol, puffing decreased in 4 of 5 males, but this
manipulation was not tested in females. Methamphetamine aerosol delivery maintained lower rates
of puffing behavior in females than males, but procedural differences weaken interpretation of this
sex comparison. Although training non-human primates to inhale drug vapors is time consuming,
if successful, their long lifespan could provide years of valuable data justifying further work with
non-human primates using models of vaporized drug self-administration.
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1. Introduction

Humans commonly inhale drugs by smoking drugs in cigarette forms (e.g., marijuana,
tobacco) or by directly inhaling aerosols (e.g., heroin, THC, nicotine), yet compared to
intravenous or oral routes of drug delivery, preclinical self-administration studies with non-
humans using inhaled drugs are relatively few. Liquid aerosol is formed by heating a drug
until it produces a vapor that upon rapid cooling condenses to form an aerosol (small liquid
particles suspended in air; Wood, 1990). Aerosol production is possible for drugs that
vaporize before they are pyrolized. Early studies examined the effects of the delivery of drug
by combusting it in combination with plant material (see review by Wood, 1990). For
example, Cole and colleagues trained 2 chimpanzees and 1 orangutan to inhale tobacco
cigarettes containing methamphetamine (Pieper & Cole; 1973) or THC (Cole et al., 1971) by
reinforcing the great apes with M&M® candy for successively longer puffs on a stem.
Reinforcing long puffs with candy was effective in training great apes to “smoke” up to 8
tobacco cigarettes laced with methamphetamine or THC. This procedure was later used to
train rhesus monkeys to puff on lettuce leaf cigarettes containing cocaine base (Siegel et al.,
1976). Ando and Yanagita (1981) attempted to train 14 monkeys to self-administer, via
puffing, tobacco cigarette smoke without any non-drug reinforcement and only 2 of the 14
animals acquired tobacco self-administration.

Studies looking at drug aerosols using rodents have relied most often on ventilated chambers
such that drug aerosol can be delivered in a controlled manner and the animals will
necessarily take drug as they breath (Wong, 2007). Such procedures have been commonly
used to study the behavior or toxicological effects of inhaled chemical exposure (e.g.,
Phalen, 1997) and alcohol (e.g., O’Dell et al., 2004; Gilpin et al., 2008). Several early
studies modified this approach to work with non-human primates. For example, in order to
examine the behavioral toxicology of marijuana smoke, a large group of rhesus monkeys
was exposed, via a face mask, to the smoke of marijuana cigarettes (e.g., Schulze et al.,
1989; Slikker et al., 1991; Pryor & Rebert, 1989). In another early study (Katz et al. 1991),
squirrel monkeys, who had been trained to discriminate intravenous cocaine from placebo,
responded as if they had been given intravenous cocaine after exposure to vaporized cocaine
base in a ventilated chamber. These studies clearly demonstrated that inhalation of drug
vapors and other components of some plant products produces significant behavioral effects.

While nicotine and cannabis are commonly smoked as plant material, other abused drugs are
administered in a more direct form such as inhalants. Yanagita et al. (1970) demonstrated the
reinforcing efficacy of chloroform, ether and lacquer thinner when delivered via indwelling
intranasal cannulas in rhesus monkeys. Twenty years later, Carroll made significant
contributions to the study of self-administered “smoked” drugs using a device similar to that
used by Hatsukami et al. (1990) for delivering precise amounts of vaporized cocaine base to
human cocaine smokers. Rhesus monkeys were trained to activate a pressure-sensitive relay
in order to receive a single dose of cocaine base vaporized by rapid heating of a metal coil
(Carroll et al., 1990), similar to the technology currently used in e-cigarettes (Harrell et al.,
2014). Responding for cocaine was greater than for lidocaine, cocaine produced the
expected physiological changes in heart rate (Carroll et al., 1990), response rates were
increased, as observed with intravenous self-administration, when the monkeys were food
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deprived (Comer et al., 1995), and response rates were decreased by buprenorphine (Rodefer
etal., 1997). Vaporized heroin was also self-administered under these procedures (Mattox &
Carroll, 1996). Using this technology, 10 years later Newman & Carroll (2006) reported that
rhesus monkeys who had been trained to self-administer cocaine base would self-administer
methamphetamine: methamphetamine was less efficacious than cocaine and the dose-
response function was relatively flat.

In a similar time-frame Lichtman, Martin and Boni developed devices that provided for
aerosol delivery to mice either by generating the aerosol directly on a heating coil or pulling
aerosol from lit marijuana cigarettes through a system connecting to a nose piece for mice
(e.g., Lichtman et al., 1996, 2000, 2001). Using this system Meng et al. (1999) reported that
methamphetamine aerosol and intravenous methamphetamine had similar pharmacokinetic
profiles. More recently a similar system was used to deliver synthetic cannabinoids
(“Spice”) to mice (Weibelhaus et al., 2012). While these systems deliver behaviorally active
drug directly to a mouse’s nose, the required restraint of the mouse limits its utility for self-
administration studies. The current vaping technology that provides for rapid, precise and
well controlled volatilization of drugs of abuse has led to a resurgence of work looking at the
effects of inhaled drugs in laboratory rodents. Studies have demonstrated the utility of
commercially-available vaporizers for the administration of nicotine (Lefever et al., 2017a),
THC (Lefever et al., 2017b; Manwell et al., 2014a, 2014b), methamphetamine (Juarez-
Portilla et al., 2017; Marusich et al., 2016; Nguyen et al., 2016b) and synthetic cannabinoids
(Nguyen et al., 2016a) to rodents. Of note, Nguyen et al. (2016a) reported a decrease in
intracranial self-stimulation threshold with inhaled methamphetamine and synthetic
cannabinoids, which suggest that the aerosol would function as a positive reinforcer. Clearly,
e-cigarette technology has been instrumental in conducting research with inhaled drugs and
has opened up a wide range of opportunities for future research.

We have used a procedure for administering drug aerosols to rhesus monkeys that is based
upon the way human cocaine users smoke cocaine. Monkeys activated a pressure-sensitive
relay by puffing on a brass stem that was attached to a heated glass tube that contained
stainless steel mesh. Upon completion of the response requirement drug dissolved in 95%
ethanol was dropped onto the screen and vaporized such that continued puffing on the stem
delivered drug aerosol. Four of six rhesus monkeys acquired heroin self-administration,
developed a place-preference for the experimental space associated with heroin self-
administration (Foltin & Evans, 2001) and chose heroin over a preferred fluid reinforcer
during choice trials (Evans et al., 2003). The first purpose of the current study was to
determine if this procedure could be used with another non-human primate species with a
larger brain, the baboon, to engender methamphetamine self-administration. Baboons were
chosen because of their utility in PET imaging studies (VandeBerg et al., 2009). If
successful, the study would lay the foundation for future work with baboons that would
allow PET imaging of receptor binding and neurotransmitter release as a function of aerosol
inhalation. Of the studies involving non-human primates and inhaled drug self-
administration cited in this paper, 120 males and 1 female (the sex of 9 additional animals
was not specified) participated. Of the 15 studies involving rodents and inhaled drug self-
administration cited in this paper only 1 study tested females. Clearly, there is a significant
paucity of data on aerosol administration in females. Therefore, the second purpose of the
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current study was to compare methamphetamine aerosol self-administration between male
and female baboons.

One group of 8 adult male baboons (Papio cynocephalus anubis), initially weighing 19.8 to
26.5 (Mean = 23.6) kg completed the study and then a group of 7 adult female baboons,
initially weighing 8.4 to 15.5 (Mean = 11.7) kg completed the study. All baboons had
experienced acute (<10) injections of intramuscular (i.m.) amphetamine and i.m.
dexfenfluramine, while the males also had experienced acute (< 10) injections of i.m. heroin
and i.m. naloxone. All baboons also had previous experience responding for food pellets or
M&M® candy under a daily schedule similar to that described below. Baboons were
individually housed in custom-designed non-human primate cages (1.4 x 1.2 x 1.5 m high)
at The New York State Psychiatric Institute. The room was illuminated with fluorescent
lighting from 7:00 AM to 7:00 PM daily. In addition to food and candy earned during
experimental sessions, two chewable vitamins, two pieces of fresh fruit, and a dog biscuit
were also given daily. Water was available ad /ibitum from a spout located at the back of
each cage. All aspects of animal maintenance and experimental procedures complied with
the U.S. National Institutes of Health Guide for Care and Use of Laboratory Animals, and
were approved by the New York State Psychiatric Institute Animal Care and Use
Committee.

2.2. Apparatus

Two response panels were located on the front wall of the cage. Six session lights (CM
1820, 24 V; Chicago Miniature, Buffalo Grove, Ill., USA) with white lenses were evenly
spaced around the outside edges of each panel. From the baboon’s perspective the right
panel was used for food delivery, while the left panel was used for aerosol delivery. At
approximately waist height for a sitting baboon the food panel had one Lindsley lever
response manipulanda (BRS-LVE, Beltsville, Md., USA) mounted at the baboon’s left and
one mounted at the baboon’s right. There were two stimulus lights mounted above each
lever. A pellet dispenser (BRS-LVE model PDC-005) was also mounted on the outside of
response panel with a tube that ran to a pellet catch cup that the baboons could reach into to
pick up the food pellets. At approximately waist height for a sitting baboon the aerosol panel
had one Lindsley lever, with a single light over it, mounted at the baboon’s left. Two
stimulus lights were mounted over a brass pipe mouthpiece that was at approximately mouth
height for a sitting baboon at the baboon’s right, i.e., lever to the left, stem to the right. A
pressure-activated relay (Micro Pneumatic Logic, Fort Lauderdale, Fla., USA) signaled the
computer whenever a monkey sucked on the pipe. A heated stem (Boni et al., 1991), similar
to that used by humans when smoking cocaine (Foltin et al., 1990), was mounted on the
outside of the aerosol panel. A glass tube (10 mm) fitted with a screen for holding drug was
set inside another glass tube (12 mm) mounted on the outside of the panel. The external pipe
was wrapped by a heating coil (Cole-Parmer Co., Vernon Hills, 11l., USA), encased in
fiberglass insulation (Cole-Parmer) with temperature controlled with a heat controller (#515,
George Ulanet Co., Newark, N.J., USA). The heat source was maintained at a temperature of
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210-230°C. A brass stopper was fitted to the top of the stem arrangement in order to provide
a sealed system increasing the sensitivity of the pressure-sensitive switch. The inside glass
stem and screens were changed daily. A Cole-Palmer peristaltic pump (flow rate of 10 ml/
min) and a fluid reservoir connected to the aerosol stem were also mounted on the outside of
the panels.

2.3. Methamphetamine Sessions (Responding on Aerosol Panel)

A single 90-min meal session occurred at 7:00 AM followed at 9:00 AM by a 60-min
session during which baboons could respond for food or vaporized drug. Methamphetamine
self-administration sessions occurred on weekdays beginning each day at 9:00 AM. The
beginning of each session was signaled by illumination of the session lights on the aerosol
panel and the light above the aerosol stem. Puffing on the pipe 2 times resulted in the
delivery of 0.05 ml of the drug solution. After aerosol delivery the lights above the aerosol
stem remained illuminated for 10 sec to encourage baboons to continue puffing on the stem.
Baboons received 1 M&M® candy for making an additional 5 puffs. Baboons always
completed the additional puffs after aerosol delivery. The next aerosol dose was available
after 2-min of additional puffing for males and 1-min for females. Male baboons could earn
up to 10 methamphetamine deliveries and 10 M&Ms and female baboons could earn up to
20 methamphetamine deliveries and 20 M&Ms. The number of doses was increased for the
females in hopes that responding would increase from the low levels observed with 10 drug
deliveries. Once methamphetamine self-administration stabilized methamphetamine sessions
occurred on Monday, Wednesday and Friday and food pellet self-administration sessions
occurred on Tuesday, Thursday and Saturday. Then beginning at 11:00 AM baboons had 4
consecutive opportunities for a pellet meal through the day. Food was not available overnight
when baboons rarely eat. The 8 males completed the study prior to the 7 females.

2.4. Morning Food Pellet Sessions (Responding on Right Lever on Food Panel)

The 9:00 AM food session was similar to the methamphetamine session except that food
pellets were delivered instead of aerosol. The beginning of the session was signaled by
illumination of the session lights on the food panel and right light above the right lever.
Pulling the right lever 10 times resulted in the delivery of 10 food pellets [one-g food pellets
containing 3.4 kcal (13.22 kJ); Bio-Serv, Inc., Frenchtown, NJ] accompanied by the lights
above the right lever flashing 10 times. Food delivery was followed by a 7-min timeout
during which responding had no consequences. Baboons could earn up to 100 food pellets.

2.5. Pellet Meals (Responding on Left Lever on Food Panel)

Pellet meals were available once at 7:00 AM each morning (“breakfast”) and 4 times
beginning at 11:00 AM. Pellet meal availability was signaled by the illumination of the
session lights on the food panel and the right light over the left lever. If a baboon wanted to
eat a meal of pellets it had to pull the left lever. The first pull on the left lever started a 30-
min timer and during that interval each time the left lever was pulled 10 times both lights
above the left lever flashed 10 times. The same pattern of flashing lights was paired with
food pellet delivery such that responding during the initial 30 min was reinforced by cues
paired with food, i.e., conditioned reinforcement. After the 30 min were up, the left light
above the left lever was illuminated signaling the availability of food pellets. Each time the
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left lever was pulled 10 times baboons received 1 food pellet and the lights above the left
lever flashed 10 times. There was a 10-s interval after each pellet delivery when responding
had no consequences. Baboons could then respond for food pellets until the total 90-min
session ended. All baboons responded for a food pellet meal at least once each day.

2.6. Procedure

Training to work for drug aerosol occurred at 9:00 AM on weekdays. Training consisted of:
1) training baboons to drink and then actively suck a sweet fluid (Cherry Koolaid®) from a
syringe; 2) training baboons to drink and then actively suck a sweet fluid from the brass
stem that was used for aerosol delivery; 3) training baboons to suck hard enough on the
brass stem to activate a pressure-sensitive relay for fluid delivery; 4) reinforcing puffing, i.e.,
activation of the pressure-sensitive relay, behavior with 1 candy M&M® rather than fluid; 5)
reinforcing puffing when puffing provided air heated to the melting point of
methamphetamine; 6) reinforcing puffing when puffing resulted in delivery of vaporized
alcohol (0.05 ml); 7) reinforcing puffing when puffing resulted in delivery of vaporized
methamphetamine (0.3 mg/kg); and 8) reducing the number puffs that were reinforced with
candy until only 1 candy was given after the baboon received methamphetamine and that
occurred after an additional 5 puffs on the stem. An investigator or technician provided fluid
and candy reinforcement by hand.

For male baboons, once responding was stable, they had access to vaporized
methamphetamine during the morning on Mondays, Wednesdays and Fridays for 4 months.
Food pellets were available during the morning on Tuesdays, Thursdays and Saturdays for 4
months (there were no sessions on Sunday mornings when the cages were sanitized weekly).
Baboons received occasional acute i.m. doses of amphetamine, dexfenfluramine, heroin and
naloxone (~18 total doses) on the mornings when food was available to test the effects of
these drugs on food intake (a second drug was never given on days baboons had access to
aerosol). The effects of removing methamphetamine from the aerosol but still providing
candy was then tested for 9 days followed candy alone (no aerosol) for 3 days and a return to
methamphetamine aerosol plus candy for 5 days.

For the female baboons, initial training went more quickly, but rates of puffing were low, so
the minimal interval between drug doses was decreased to 1 min (from 2 min) and the
number of does available was increased to 20 from 10. This was done in hopes that having
more drug available would increase rates of puffing. For female baboons, once responding
was stable, they had access to vaporized methamphetamine during the morning on Mondays,
Wednesdays and Fridays for 3 months. Food pellets were available during the morning on
Tuesdays, Thursdays and Saturdays for 3 months (there were no sessions on Sunday
mornings when the cages were sanitized weekly). Baboons received occasional acute i.m.
doses of amphetamine and dexfenfluramine (~9 total doses) on the mornings when food was
available to test the effects of these drugs on food intake (a second drug was never given on
days baboons had access to aerosol). The effects of removing methamphetamine from the
aerosol but still providing candy were then tested for 10 days.

Total activations of the pressure-sensitive switch, i.e., puffs, including the 2 required prior to
aerosol delivery, the 5 puffs after aerosol delivery to earn a candy and those that followed
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aerosol delivery, was used as the primary dependent measure because it included puffing
behavior that occurred after aerosol delivery as well as those required to earn the delivery.

Methamphetamine HCI (0.3 mg/kg; Sigma Chemical Corp., St. Louis, MO, USA) was
dissolved in 95% ethanol. The volume for a single dose was 0.05 ml. One concentration was
used for the males based on the mean weight of the 5 males and one concentration was used
for the females based on the mean weight of the 6 females. Baboons were weighed every 4—
6 weeks and the concentrations adjusted to account for mean change in body weight across
the study.

The initial training of the male baboons required over 5 months. While all 8 baboons would
touch the brass stem in order to receive a candy only 5 of the male baboons learned to suck,
i.e., puff, on the stem hard enough to activate the pressure-sensitive relay. Baboons puffing
behavior was initially reinforced by handing them one candy per puff. The number of
candies given was then decreased to a single candy following each aerosol delivery after 5
additional puffs to encourage drug inhalation. Once responding was stable in the male
baboons they were receiving 8 to 10 aerosol deliveries per day and the number of candies
was gradually decreased with the goal that baboons would puff solely for aerosol delivery.
With the exception of 1 baboon, the puffing behavior decreased unless an occasional M&M
(5-10 per session) was given; baboons would touch the pipe, but not inhale. Also 1 baboon
would periodically stop working entirely and had to be reinforced with frequent M&Ms to
encourage him to puff again. It also became apparent that humans had become a
discriminative stimulus for smoking such that puffing nearly ceased when a human was not
in the room. To insure consistent behavior within the 5 baboons who would puff, a single
candy was then given after an additional 5 puffs following each aerosol delivery.

The reinforcing efficacy of methamphetamine aerosol was assessed following 4 months of
aerosol sessions 3 days a week by presenting only the alcohol placebo aerosol following
completion of the minimal 2 puffs but continuing to provide candy reinforcement.

The mean number of puffs varied widely amongst male baboons with 4 of the 5 baboons
puffing 150 — 275 times per day and one baboon (Buddy) puffing nearly 500 times each day
(Figure 1). A minimum of 70 puffs were required to earn all 10 drug vapors and 10 candies.
All of the baboons exceeded this minimum by 90 to 430 puffs. On the first day that 0.05 ml
of alcohol alone was delivered the baboon who puffed the most (Buddy) increased his
puffing by about 200 puffs and then over days the number of puffs decreased such that
puffing was below the baseline range by the 9t day of alcohol: a pattern consistent with
extinction. The remaining 4 baboons displayed a more variable saw-tooth pattern with the
number of puffs increasing for one or two days and then decreasing for a day or two, with
responding generally exceeding the range seen when methamphetamine was delivered. On
the extreme end, Screech puffed about 600 times per day when alcohol (total of 1 ml during
a session) was available compared to 225 puffs when methamphetamine was available.
When aerosol was not delivered (just warm air), but a single candy was delivered, the
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number of puffs decreased substantially for all 5 baboons, with 4 of the 5 baboons
decreasing the number of puffs below the range observed when methamphetamine was
available. Responding promptly returned to baseline levels when methamphetamine was
again delivered.

When grouped together, the 5 male baboons puffed on methamphetamine aerosol 260 + 66
times (mean = SEM) and puffing significantly increased the first 3 days that only placebo
was delivered to 359 £ 76 times (P <0.04). While puffing, on average remained elevated
throughout the remaining 6 days of alcohol delivery the increase was not statistically
significant. The last day when warm air and candy only were delivered the male baboons
puffed only 124 + 35 times (P <0.08). On the days that the male baboons inhaled
methamphetamine aerosol in the morning they consumed 273 + 43 food pellets in the
afternoon. Food pellet consumption significantly increased when the male baboons inhaled
placebo to 347 + 51 pellets (P < 0.05).

Initial training of the female baboons required less time, most likely related to the
experience of the investigators rather than potential sex differences. Six of the 7 female
baboons acquired stable methamphetamine aerosol self-administration in about 3 months.
The female baboons then had 3 months of responding for methamphetamine 3 days a week.
At this point, 4 of female baboons puffed between 200 to 260 times per day, while 2 of the
female baboons puffed about 400 times per day (Figure 2). A minimum of 140 puffs were
required to earn all 20 drug vapors and 20 candies. Alcohol was substituted for
methamphetamine for 10 days. Changes in puffing were rapidly observed when only candy
and placebo were delivered. Two female baboons consistently puffed less throughout the 10
days when placebo was available. As with the males, 4 females displayed a sawtooth pattern
of puffing when alcohol was available. For three of these baboons (Rosalina, Fiona and
Moesha) puffing for placebo was consistently lower than for methamphetamine aerosol by
the end of the 10 days of alcohol. Puffing by Celandine remained within the range observed
for methamphetamine on about one half of the alcohol days. Thus, the numbers of puffs
reinforced with alcohol and candy during the second 5 days of alcohol were below the range
of puffs observed for methamphetamine in 5 of the 6 female baboons.

When grouped together, the 6 female baboons puffed on methamphetamine aerosol 290 + 4
times and puffing significantly decreased the first 5 days that only placebo was delivered to
211 + 36 times (P <0.004) and significantly decreased the last 5 days that only placebo was
delivered to 161 + 17 times (P <0.01). On the days that the female baboons inhaled
methamphetamine aerosol in the morning they consumed 277 + 2 food pellets in the
afternoon. Food pellet consumption slightly decreased when the female baboons inhaled
placebo to 263 + 26 pellets.

4. Discussion

After extensive training and with continued reinforcement with 1 piece of candy for puffing
after aerosol delivery, 5 of 8 male and 6 of 7 female baboons acquired puffing behavior on a
brass stem approximating human smoked drug taking. All attempts to maintain puffing
while eliminating candy delivery in the males failed: only 1 male baboon puffed consistently
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without candy delivery. For this reason, the females were never tested without candy
delivery. After 3-4 months of methamphetamine aerosol administration there was evidence
for methamphetamine self-administration in 4 of the 5 male baboons and 5 of the 6 female
baboons that learned to puff on the stem. In females, the number of puffs for aerosol
containing methamphetamine was greater than the number of puffs for the placebo aerosol
under conditions where puffing was also reinforced by candy delivery, i.e.,
methamphetamine + candy > alcohol + candy. In males, the number of puffs for aerosol
containing methamphetamine was greater than the number of puffs for warm air under
conditions where puffing was also reinforced by candy delivery, i.e., methamphetamine +
candy > candy.

In our previous studies with male rhesus monkeys self-administering heroin aerosol, after
sufficient training no reinforcement of puffing behavior other than the delivery of heroin was
required (Evans et al., 2003; Foltin & Evans, 2001). Compared to heroin methamphetamine
aerosol has minimal reinforcing efficacy in non-human primates. A reasonable amount of
aerosol develops from 0.05 ml drug solution and it could be easily seen in the baboons’
mouths. Also, some baboons were observed waving the aerosol away from their faces. We
expect that baboons, because they have excellent senses of smell and taste had difficulty
adapting to the aerosol.

An interesting pattern was observed in 4 of the 5 males when placebo (0.05 ml alcohol) was
substituted for methamphetamine. These males developed a sawtooth pattern with
responding going quite high, often doubling, relative to responding for methamphetamine
and then going back down and up again. As a group, substitution of placebo aerosol for
methamphetamine aerosol initially significantly increased puffing behavior in males. This
may represent an extinction burst of responding. In the male baboons removing aerosol such
that only warm air was in the stem, but continuing to reinforce puffing with candy decreased
responding below the methamphetamine range in 4 of 5 male baboons. Responding returned
to previous levels when methamphetamine aerosol was again delivered. This pattern
suggests that placebo aerosol may have acquired conditioned reinforcing effects. Four of the
six females also displayed a saw-tooth pattern when alcohol was substituted for
methamphetamine, but as a group, substitution of placebo for methamphetamine aerosol
significantly decreased puffing behavior in females.

Methamphetamine aerosol delivery was associated with greater rates of responding in a
previous study conducted in 5 male rhesus monkeys (Newman & Carroll, 2006). In that
study, monkeys completed a ratio requirement on a response lever prior to activating a
pressure-sensitive relay 5 times in order to earn methamphetamine aerosol delivery. In
addition to the species difference, the monkeys in the Mattox & Carroll (2006) study had
extensive previous experience (129-213 months) inhaling cocaine and heroin aerosols that
may have facilitated methamphetamine aerosol self-administration.

Although there are fewer female than male drug users, and much fewer research studies with
female non-human primates, it is well known that females “telescope” more quickly into
troubled drug use than males (e.g., Greenfield et al., 2007; Holdcraft & lacono, 2004), and
numerous preclinical studies of substance use confirm a range of sex differences (see review
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by Fattore et al., 2008). For example, with respect to methamphetamine in rodents 1) female
mice showed greater locomotor activity after methamphetamine aerosol inhalation than male
mice (Marusich et al., 2016); 2) female rats showed greater locomotor activity and
stereotypy following intravenous methamphetamine (Milesi-Halle et al., 2007); 3) more
females than males acquired methamphetamine self-administration and at a faster rate (Roth
& Carroll, 2004); 4) females responded for more methamphetamine than males under both
fixed ratio and progressive ratio schedules of reinforcement (Roth & Carroll, 2004); 5)
females’ methamphetamine intake escalated faster than males’ intake and females self-
administered more methamphetamine than males when given access to methamphetamine
during 6-hr sessions (Reichel et al., 2012); 6) during reinstatement tests females reinstated
responding for methamphetamine following a lower “priming” dose than males (Reichel et
al., 2012); and 7) during reinstatement tests females reinstated responding for
methamphetamine following drug-paired cues more than males (Reichel et al., 2012).

Some sex differences were also observed in the current study. Food consumption was
significantly decreased by methamphetamine aerosol inhalation compared to placebo
inhalation in male baboons, but not in female baboons. Substitution of placebo for
methamphetamine significantly increased puffing behavior in male baboons, and
significantly decreased puffing behavior in female baboons. Also, more of the females than
the males acquired methamphetamine aerosol self-administration, but this difference is most
likely due to the fact that more females than males learned to activate the pressure-sensitive
relay, i.e., a possible sex difference unrelated to drug action. With the exception of one male
who puffed as much as 600 times each session, the range of puffs observed during sessions
was similar between the males and the females. Females, however, were puffing for up to 20
doses, while males only could earn 10 doses in the same time frame. Rates of puffing per
dose in males were nearly twice that observed in females. The decision to increase the
number of aerosol deliveries for females was based on the low rate of puffing observed when
only 10 doses were available. Clearly, it is not possible to make direct comparisons between
males and females because the researchers were more experienced in training puffing when
the females began the study and the number of drug deliveries varied. While the data do not
support the rodent data showing that females are more likely to self-administer
methamphetamine, the differences in food intake and puffing behavior between
methamphetamine and placebo aerosol conditions between the sexes demonstrates a
significant effect of sex in moderating the response to stimulant inhalation. A direct
comparison of males and females trained and tested using identical procedures is needed.
Regardless these female baboons may be the only female non-human primates used in
aerosol research since a female chimpanzee in 1973 (Peiper & Cole, 1973).

While new technologies are increasing the ease with which aerosol for inhalation can be
generated, conducting inhalation studies is still technically challenging. These challenges are
even more difficult when attempting to assess self-administration of aerosols and drawing
conclusions about abuse effects as a function of route. When aerosol is administered to an
animal in an aerosol chamber it can be absorbed through the skin, the nasal mucosa, as well
as the lungs making it impossible to accurately identify how much drug was absorbed via
each route. Even the technology that limits aerosol exposure to the nose does not guarantee
that the drug is absorbed in the lungs as it still must pass nasal mucosa. Thus, drug is
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absorbed via the nasal mucosa and the lungs. Although procedures with non-human primates
that involve puffing on a stem for aerosol delivery most closely model human drug taking it
is likely that drug is absorbed both in the lungs and buccally in the mouth. Thus, with all
techniques there is variability in the actual route of delivery that is difficult to quantify.
Caution needs to be used when drawing conclusions about the route of absorption in
inhalation studies.

There are several limitations to the current study. Although the initial sample sizes were 7
females and 8 males, the final sample size of 6 females and 5 males who learned the puffing
behavior was relatively small. For both sexes, the majority of the baboons responded in a
similar way to the manipulations and statistical significance was obtained with the small
sample size. More significantly, there were no biological samples taken to measure how
much inhaled drug was absorbed. Thus, we cannot validate that the behavioral differences
observed in puffing behavior between methamphetamine and placebo were due to
methamphetamine intake.

In summary, puffing reinforced by methamphetamine exceeded puffing reinforced by the
placebo aerosol when puffing was occasionally reinforced by candy or when puffing was
reinforced by candy alone. In contrast to another study with vaporized methamphetamine
(Newman & Carroll, 2006) and a study done with nearly identical procedures with vaporized
heroin (Foltin & Evans, 2001), puffing behavior had to be reinforced with candy as well as
drug aerosol. In spite of this difficulty baboons could be trained to inhale drug aerosol
demonstrating that future work involving aerosol administration to baboons paired with PET
imaging would be possible. Because there were differences in procedural details, and males
and females were not run concurrently, it is not possible to draw strong conclusions about
sex differences. Differences that did exist suggest that sex affects the response to
methamphetamine aerosol. Given the popularity of inhaled drugs of abuse and the minimal
amount of data in male and female non-human primates with this dosing methodology
additional research is clearly warranted.
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Highlights

Male and female baboons could be trained to inhale aerosolized
methamphetamine

Females had lower rates of puffing behavior than males
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methamphetamine (MA) aerosol was available, when placebo aerosol was available for 9
days, when no aerosol was available for 3 days and when methamphetamine aerosol was
again available for 5 days. Male baboons could earn up to 10 aerosol deliveries. One candy
was delivered after a baboon puffed five additional times following each aerosol delivery.
One candy was always delivered when aerosol or warm air was delivered.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Foltin

250 1

200"‘ i

Range

150 A

100 A

50 A

Muriel

300 1

250

200 A

150

100

50

Regina

Range

0

MA
Aerosol

Baseline

300 1

Number of Puffs/Day
g s a 3 ¥
o o o o

Range

— T T T T T

12345678910
Placebo Aerosol
Celandine

0

T — T T T T T

MA 1 2 3 456 7 8 910

Aerosol

Baseline Placebo Aerosol

350 7
300 7
250 1
200
150 1
100

50 A

Rosalina

Range

o

MA
Aerosol
Baseline
500 1
400 1@
300 | R

200 A

100 A

12345678 910
Placebo Aerosol
Fiona

0

— T
MA 1 2 3 45 6 7 8 910

Aerosol

Baseline Placebo Aerosol

500 7

400

300

200

100 1

Moesha

o)

Range

0
MA

Aerosol
Baseline

Figure 2.

Mean baseline number and range of total daily puffs made by 6 female baboons when

12383 45678 910
Placebo Aerosol

MA 1 2 3 45 6 7 8 910

Baseline Placebo Aerosol

Page 17

methamphetamine (MA) aerosol was available and when placebo aerosol was available for
10 days. Female baboons could earn up to 20 aerosol deliveries. One candy was delivered

after a baboon puffed five additional times following each aerosol delivery. One candy was
always delivered when aerosol was delivered.
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