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Abstract

Methamphetamine (METH) is a psychostimulant drug that has become increasingly popular in
recent years, with overdose deaths more than doubling during the second half of the 2010s. As
methamphetamine use disorder rates continue to increase, finding effective treatment strategies

to decrease METH dependence is important. Animal studies are well-suited for studying the
neurobiological mechanisms underlying addiction-like behaviors. Although individuals can ingest
METH orally, few studies have examined oral METH self-administration in animals. Mice show
decreased responding for oral METH as the response requirement increases across sessions. The
purpose of the current study was to determine if rats show a similar decrease in motivation to earn
oral METH across increasing response requirements. Sixteen Sprague Dawley rats were trained
to emit a response in an aperture to receive a 0.1-ml METH solution (40 mg/l) according to an

FR 1 schedule. The FR requirement increased across sessions to a terminal FR 10. Responses for
METH decreased significantly when an FR 10 schedule was used. These results suggest that rats,
similarly to mice, have low motivation to self-administer oral METH.
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Methamphetamine (METH) is a psychostimulant drug that can be prescribed to treat
attention-deficit hyperactivity disorder. However, between 2015 and 2019, recreational
METH use increased 43%, and the number of individuals diagnosed with a METH use
disorder (MUD) increased 62%; more alarmingly, the number of overdose deaths attributed,
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at least partially, to psychostimulants (primarily METH) increased 180% [1]. Given the
recent increase in METH use, there is a pressing need to understand the neurobiological
mechanisms that underly METH dependence. Animal research is valuable for elucidating
genetic [2], neurobiological [3], cognitive-behavioral [4,5], and/or socioenvironmental [6]
determinants of METH dependence-like behavior.

Preclinical studies can measure distinct aspects of addiction by using drug self-
administration tasks. Although rodents are often trained to self-administer METH via the
intravenous route, recent studies have successfully used an oral solution containing METH
as a reinforcer [7-11]. However, when the response requirement increases across sessions,
the number of responses for METH decreases precipitously [7,9]. This pattern of responding
contrasts with what is typically observed when stimulants are delivered intravenously
[12,13]. The one study to test oral METH self-administration in rats used low response
requirements (fixed ratio [FR] 1 and FR 2) [8], which does not allow one to test the
reinforcing efficacy of a drug. Therefore, the goal of the present study was to determine if
rats will continue responding for oral METH across increasing response requirements.

Sixteen Sprague Dawley rats (eight of each sex) arrived from Envigo (Indianapolis, IN) at
postnatal day (PND) 38 (males) or PND 45 (females) and were placed in a climate- and
humidity-controlled room maintained on a 12:12-h reverse light/dark cycle (lights off at
700 h). Rats were pair housed in cages that have been previously described [14]. Rats had
ad libitum access to food and water during the experiment. All experimental procedures
were carried out according to the Current Guide for the Care and Use of Laboratory
Animals [15] under a protocol approved by the Northern Kentucky University Institutional
Animal Care and Use Committee (Protocol #2022-01-22). Behavioral testing occurred
during the dark phase, with sessions beginning approximately between 1130-1430 h. Rats
were previously trained in an operant procedure to measure risky decision making and
received four subcutaneous injections of METH (0, 0.25, 0.5, and 1.0 mg/kg; one injection
of each dose). Four rats also received a single injection of METH (2.0 mg/kg). Injections of
METH occurred from PND 144 (male)/151 (female) to PND 153 (male)/160 (female), with
each injection occurring once every three days. For four rats, the last injection occurred on
PND 156 (male) or PND 163 (female).

METH self-administration occurred in 16 MED Associates operant conditioning chambers
that have been previously described [14]. Relevant to the current experiment, a liquid
receptacle (5.08 x 5.08 cm; product ENV-200R3BM) was positioned 2 cm above the floor
in the bottom-center of the back wall between two nose poke apertures (2.54 x 2.14

cm; ENV-114BM) that were located 1.43 cm above the floor (measured from bottom of
aperture). Two audio speakers (ENV-224AM-3) connected to sound generators (ENV-230)
were added to the front wall located 11.1 cm above the floor.

Beginning at PND 166 (males) or PND 173 (females), rats were trained to self-administer
sucrose (10%) according to an FR 1 schedule of reinforcement for three sessions. Each
session began with illumination of a house light located at the top-center of the back wall
and illumination of the active aperture. For half of the rats, a response in the left aperture
led to an infusion of sucrose (0.1 ml across 5.9 s). Completing the response requirement
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resulted in reinforcer delivery paired with a 2-s presentation of a 5 kHz tone emitted from
both speakers. A 14.1-s time out was imposed following each sucrose delivery. The aperture
light was extinguished during reinforcer delivery and during the time out. Sessions ended
after rats earned 20 infusions or after 1 h.

Rats were trained to self-administer METH (20 mg/I) mixed in 8.5% sucrose for one session.
For the next four sessions, rats self-administered METH (40 mg/l) mixed in decreasing
concentrations of sucrose (6.5, 4.5, 2.5, 0.5%; one session for each concentration). Once

the sucrose concentration reached 2.5%, the 20-infusion limit was removed. During the last
two training sessions (METH mixed with 2.5% and 0.5% sucrose), males emitted 55.00 (+
10.82) and 38.75 (* 8.71) responses on the active aperture and 20.50 (£ 4.45) and 16.00

(= 3.57) responses on the inactive aperture. Females did not significantly differ in number

of active (59.38 + 7.85 and 54.88 + 7.90) or inactive (20.75 £ 4.450 and 17.25 + 5.00)
responses relative to males (no main effect of sex; no significant interactions involving sex,
Fs<268, p's 2 .12, np?'s < .16).

Rats self-administered METH (40 mg/l) mixed in distilled water (no sucrose added)
according to an FR 1 schedule for five sessions. The response requirement increased to an
FR 3 for three sessions, followed by an FR 5 (four sessions) and an FR 10 (eight sessions).

Active and inactive aperture responses were analyzed with an ANOVA, with aperture,
session, and sex as factors. Separate ANOVAs were performed for each response
requirement. Total infusions were analyzed with an ANOVA, with session and sex as
factors. To directly compare the number of active and inactive responses across each FR
requirement, responses on the active and the inactive aperture were averaged across the
final two sessions of each response requirement before being analyzed with an ANOVA,
with response requirement, aperture, and sex as factors. Infusions were analyzed with an
ANOVA, with response requirement and sex as factors. Statistical significance was defined
as p < .05. When the assumption of sphericity was violated, Greenhouse-Geisser-corrected
degrees of freedom were used. Partial eta squared was used as measure of effect size,

with effect sizes of .01, .06, and .14 indicating small, moderate, and large effect sizes,
respectively [16].

Across each response requirement, active responses were higher than inactive responses, s
>25.17, p’'s< .01, nzp’s > .64 (Fig. 1a). When an FR 1, an FR 3, and an FR 5 schedule were
in effect, females responded more on both the active and the inactive aperture compared to
males, Fs = 5.07, p’s < .04, an’s =.27. When an FR 1 and an FR 10 schedule was used,
responses on the active and the inactive apertures decreased across sessions, £'s = 4.90, p’s
<.01, nzp’s =.26. Under an FR 3 schedule, there was a decrease in active, but not inactive,
responses from the first session to the second session, A1.30, 18.20) = 7.41, p< .01, nzp =
.35.

Females earned more infusions of METH when an FR 5 schedule was used, A1, 14) = 4.78,
p=.05, nzp =.25 (Fig. 1b). The number of infusions decreased across sessions when the FR
1, the FR 3, and the FR 10 schedules were used, F's = 4.03, p’s < .01, nzp’s >.22.
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When active and inactive responses were averaged across the final two sessions of each
response requirement, there were main effects of response requirement (FR 10 < all other
schedules), aperture (active > inactive), and sex (female > male), Fs 25.70, p’s < .03, nzp’s
= .29 (Fig. 1c). Active responses were lower when an FR 10 was used compared to all other
schedules; likewise, inactive responses were lower when an FR 10 was used compared to
an FR 1 and an FR 5 (response requirement x aperture interaction: A3, 42) =3.97, p=

.01, nzp =.22). Responses, collapsed across active and inactive apertures, were lower for
females, but not males, when an FR 10 schedule was used compared to the other schedules
of reinforcement (response requirement x sex interaction; A3, 42) = 2.95, p= .04, nzp =
17).

As with the number of active and inactive aperture responses, infusions decreased as the
response requirement increased, A1.14, 15.90) = 44.77, p< .01, nzp = .76, and females
earned more infusions than males, A1, 14) = 6.55, p= .02, nzp =.32 (Fig. 1d). The
significant response requirement x sex interaction, A1.14, 15.90) = 6.21, p= .02, an =
.31, can be attributed to the sharper decline in infusions earned for females across response
requirements compared to males.

Because the dose delivered with each infusion differed across each sex (~.009 mg/kg/
infusion for males and ~0.016 mg/kg/infusion for females), we modified the experiment
such that each rat earned the same dose of METH (0.01 mg/kg/infusion). Rats received

10 sessions in which they self-administered saccharin (1%). Rats then self-administered
METH (0.01 mg/kg/infusion) mixed with decreasing concentrations of saccharin: 1% (nine
sessions), 0.8% (six sessions), 0.4% (four sessions), 0% (10 sessions). During each session,
responses were reinforced according to an FR 1 schedule of reinforcement. Rats received an
additional 11 sessions in which responses for METH (0.01 mg/kg/infusion) were reinforced
according to an FR 2 schedule of reinforcement. These data were analyzed similarly to what
was described above, except the number of infusions averaged across the final two sessions
of the FR 1 and the FR 2 phase of METH self-administration were analyzed only.

Active responses were higher than inactive responses across each phase of the experiment,
Fs=11.32, p's<.01, nzp’s > .45 (Fig. 2a). Active, but not inactive, responses increased
across sessions when saccharin was delivered in the absence of METH (session x aperture
interaction: A3.01, 42.09) = 17.79, p< .01, 0%, = .56), but responses decreased across each
phase that METH was used as the reinforcer (main effect of session: Fs = 4.20, p’s < .02,
nzp's = .23. Sex differences were observed when saccharin was delivered in the absence of
METH only, with females responding more than males on both the active and the inactive
apertures, A1, 14) = 4.65, p= .05, nzp =.25. Although there was a session x sex interaction
during METH/saccharin (1%) self-administration, A3.11, 43.50) = 3.10, p= .04, nzp =.18,
Tukey’s post hoc tests did not reveal any significant differences between sex.

Figure 2b shows active and inactive responses averaged across the final two sessions of each
phase of the experiment. There were main effects of phase (responses decreased as saccharin
concentration decreased), A2.44, 34.14) = 18.05, p< .01, nzp = .56, and aperture (active

> inactive), A1, 14) = 48.97, p< .01, nzp =.78. Inactive responses did not vary across
experimental phase, but active responses were highest when saccharin (1%) was delivered
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in the absence of METH and were significantly lower when METH was delivered in the
absence of saccharin, A1.82, 25.42) = 13.97, p< .01, nzp =.50. Tukey’s post hoc tests

also showed that active responses were higher than inactive responses when saccharin was
added to METH (p’s < .05), but active responses did not significantly differ from inactive
responses when saccharin was removed from the METH solution (0’s = .96). Rats earned
more infusions of METH (0.01 mg/kg/infusion) when an FR 1 schedule was used compared
to an FR 2 schedule, A1, 14) = 10.07, p< .01, nzp = .42 (Fig. 2c). Because the number of
infusions decreased from an FR 1 to an FR 2, we did not increase the response requirement
further.

Oral operant drug self-administration is commonly used to measure the reinforcing

effects of ethanol [17], although animals will self-administer other drugs delivered orally,
including fentanyl [18], cocaine [19], and METH [7-11]. Experiments measuring oral self-
administration of psychostimulants have primarily used low response requirements (FR 1
—FR 10). When the response requirement to earn oral METH increases, mice emit fewer
responses [7,9; but see 11 for increased responses as response requirement increases to

an FR 5]. The current results corroborate what has been observed with mice; that is, oral
METH has low reinforcing efficacy in rats. One potential explanation for the current results
is METH?’s bitter taste. Although we did not quantify how much liquid solution each rat
consumed, we often noticed that rats left the METH solution in the liquid well, something
we rarely noticed during sucrose or saccharin self-administration.

Concerning sex differences, we found that females earned more METH infusions compared
to males when low response requirements were used. Epidemiological studies indicate

that men are more likely to use METH [20]; however, preclinical studies examining drug
selfadministration report mixed results, with some studies finding increased METH intake in
males [21] and others showing increased intake in females [22; see 23 for a comprehensive
review]. In the current study, the increased self-administration observed in females is
qualified by their increased inactive responses. Additionally, when we adjusted the dose

of METH to control for weight differences (40 mg/l to 0.01 mg/kg/infusion), we did not
observe significant differences in METH infusions between males and females. If one is
interested in examining sex differences in addiction vulnerability, we recommend using a
drug dose that will account for weight differences across sex.

The results of this study highlight one potential limitation of using the oral route of
administration when measuring METH self-administration. This route of administration may
not be well-suited to measure motivation to consume METH. However, we must note that
studies using this route have made important contributions concerning METH dependence-
like behavior. Mice that consume more METH have a hyperactive glutamatergic system

in the nucleus accumbens [11], and female rats exposed to nicotine early in life (PND 25—
34) self-administer more METH compared to sex-matched controls and treatment-matched
males [8]. The latter finding suggests that females that use nicotine-containing products
during adolescence may be more sensitive to the reinforcing effects of METH later in life,
thus increasing the probability of developing a MUD. Given that Harmony et al. [8] used
the same METH concentration [40 mg/I] for males and females, this finding needs to be
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interpreted with some caution as the sex differences reported could result from females
receiving a functionally higher dose of METH relative to males.

Although more work is needed to optimize oral self-administration of METH, this route of
administration provides some advantages to researchers. First, there is no need for surgical
intervention as with intravenous drug self-administration. This can allow researchers to
examine drug self-administration in a shorter period as animals do not need time to

recover from surgery. As noted previously [8], this better enables one to measure drug self-
administration during the short adolescent period (approximately 2-5 weeks). Furthermore,
the probability of attrition is lower as there is no risk of losing subjects due to complications
resulting from surgical intervention or loss of catheter patency. Thus, using the oral route of
administration may be useful for measuring other aspects of addiction-like behavior, such as
compulsive drug seeking [18] or reinstatement of drug seeking [8].
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Research Highlights

. Responses for oral METH decrease when an FR 10 schedule is used
. Females earn more METH (40 mg/l) but also respond more on inactive
aperture

. Sex differences disappear when METH (0.01 mg/kg/infusion) is used
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