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Abstract

Many drugs of abuse are mixed with other psychoactive substances (e.g., caffeine) prior to their
sale or use. Synthetic cathinones (e.g., 3,4-methylenedioxypyrovalerone [MDPV]) are commonly
mixed with caffeine or other cathinones (e.g., 3,4-methylenedioxy-/A-methylcathinone
[methylone]), and these “bath salts” mixtures (e.g., MDPV+caffeine) can exhibit supra-additive
interactions with regard to their reinforcing and discriminative stimulus properties. However, little
is known about relapse-related effects of drug mixtures. In these studies, male Sprague-Dawley
rats self-administered 0.032 mg/kg/inf MDPV or a mixture of MDPV+caffeine (0.029 + 0.66
mg/kg/inf, respectively), and then underwent multiple rounds of extinction and reinstatement
testing to evaluate the influence of reinforcement history and drug-associated stimuli on the
effectiveness of saline (drug-paired stimuli alone), MDPV (0.032-1.0 mg/kg), caffeine (1.0-32
mg/kg), and mixtures of MDPV:caffeine (in 3:1, 1:1, and 1:3 ratios, relative to each drug’s EDg)
to reinstate responding. Dose-addition analyses were used to determine the nature of the drug-drug
interaction for each mixture. MDPV and caffeine dose-dependently reinstated responding and
were equally effective, regardless of reinforcement history. Most fixed ratio mixtures of MDPV
+caffeine exhibited supra-additive interactions, reinstating responding to levels greater than was
observed with caffeine and/or MDPV alone. Drug-associated stimuli also played a key role in
reinstating responding, especially for caffeine. Together, these results demonstrate that the
composition of drug mixtures can impact relapse-related effects of drug mixtures, and “bath salts”
mixtures (MDPV+caffeine) may be more effective at promoting relapse-related behaviors than the
constituents alone. Further research is needed to determine how other polysubstance reinforcement
histories can impact relapse-related behaviors.
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1) Introduction

Many drugs of abuse (e.g., heroin, cocaine, synthetic cathinones) are mixed with other
psychoactive drugs (e.g., fentanyl, caffeine) prior to their sale and use. Although much is
known about the pharmacology of single drug entities, relatively little is known about how
interactions among psychoactive constituents of abused drug preparations impact their
abuse-related and toxic effects. Previous work suggests caffeine can synergistically enhance
the discriminative stimulus®-9-1-3 and reinforcing effects®9-4> of stimulants, such as cocaine
and synthetic cathinones. Synthetic cathinones have stimulant properties and act as
inhibitors (e.g., 3,4-methylenedioxypyrovalerone [MDPV]) or substrates (e.g., 3,4-
methylenedioxy-A-methylcathinone [methylone]) at monoamine transporters. Synthetic
cathinones (a.k.a. “bath salts”) produce a wide range of effects in humans, including
euphoria, tachycardia, craving, and paranoia, with many users reporting the effects of “bath
salts” as more intense than cocaine or methamphetamine.8-2 The magnitude of these effects
may be due to inherent differences in the pharmacology of synthetic cathinones and cocaine
or methamphetamine, or because “bath salts” preparations often contain multiple synthetic
cathinones and/or multiple psychoactive substances (e.g., caffeine) in a single preparation.

Pyrrolidine-containing cathinones (e.g., MDPV, a-PVP) represent one of the more popular
and well-studied sub-families of synthetic cathinones, and function as cocaine-like inhibitors
of monoamine transporters, with varying degrees of selectivity for the dopamine and
serotonin transporters.10 For example, MDPV is ~800-fold selective for the dopamine and
norepinephrine relative to serotonin transporters.}l MDPV is also a highly effective
reinforcer, maintaining ~3-fold more responding than cocaine under progressive ratio
schedules of reinforcement.10.12 |n contrast, caffeine, an adenosine receptor antagonist, is a
relatively weak reinforcer, maintaining responding at near saline-like levels.#13.14 Yet,
addition of caffeine to cocaine appears to enhance the reinforcing effects of cocaine,1>-17
and mixing caffeine with MDPV or methylone produces supra-additive enhancements in
reinforcing potency and effectiveness, respectively.>

Though the reinforcing effects of caffeine are much weaker than cocaine or MDPV, the
discriminative stimulus properties of caffeine overlap with those of cocaine, and caffeine
typically produces full generalization to the discriminative stimulus effects of cocaine or
methamphetamine.1:3.18 Unsurprising, MDPV shares discriminative stimulus effects with
methamphetamine and cocaine.1:19-22 Mixtures of MPDV and caffeine exhibit supra-
additive interactions in rats trained to discriminate cocaine from saline,! suggesting caffeine
can enhance not only the reinforcing,*® but also discriminative stimulus effects of MDPV.

Despite numerous studies describing the reinforcing and discriminative stimulus effects of
MDPV,89-4:5.12.19-22 [jtt|e is known about relapse-related effects of MDPV23.24, and
nothing is known about how these effects might be altered by common “bath salts”
constituents, such as caffeine. Although MDPV (1 mg/kg) can reinstate responding in the
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presence or absence of infusion-paired stimuli,?® other factors (e.g., priming dose, self-
administration history) that mediate the magnitude of the reinstatement response have yet to
be explored. Caffeine can reinstate responding in rats that self-administered cocaine,
although it is generally less effective than cocaine.2>-27 Although studies have evaluated the
capacity of mixtures of cocaine and caffeine to reinstate responding,28 they have not
investigated the importance of the composition of the self-administered drug/drug mixture to
the magnitude of the reinstatement response.

Mixtures of MDPV and caffeine can exhibit supra-additive interactions with regard to
reinforcing and discriminative stimulus effects;14> however, similar supra-additive
interactions between MDPV and caffeine have not been established with regard to their
potency/effectiveness to promote relapse-related behaviors. Accordingly, the current study
used two groups of rats, self-administering either MDPV alone, or a mixture of MDPV
+caffeine to test the hypotheses that: 1) caffeine is more effective at reinstating responding
in rats with a history of MDPV+caffeine self-administration than in rats that self-
administered MDPV alone; and 2) supra-additive interactions will be observed between
MDPV and caffeine, with mixtures of MDPV+caffeine being more potent and/or effective at
reinstating responding than either drug alone.

2) Materials and methods

2.1) Subjects

Forty male Sprague Dawley rats (275-300g; Envigo, Indianapolis, IN) were singly housed in
a temperature- and light-controlled vivarium (24°C; 14/10-hour light/dark cycle) with ad
libitum access to food and water. All procedures were conducted in accordance with the
Guide for Care and Use of Laboratory Animals?® and the Institutional Animal Care and Use
Committee of the University of Texas Health Science Center at San Antonio.

2.2) Apparatus

Experimental sessions were conducted in standard operant conditioning chambers (Med
Associates, St. Albans, VT) located within ventilated, sound-attenuating enclosures. The
right wall had 2 response levers, with a set of green, yellow, and red LEDs above each lever.
A white house light was located on the opposite wall. A variable speed syringe driver
delivered infusions through Tygon tubing connected to a stainless steel fluid swivel and
spring tether held by a counterbalanced arm.

2.3) Surgical procedure

Rats were anesthetized using 2% isoflurane and surgically prepared with an indwelling
catheters in the left femoral vein and a vascular access port, which was secured mid-
scapulae, as previously described.4510.12 Following surgery, Penicillin G (60,000 U/rat) was
administered subcutaneously to prevent infection. Catheters were flushed daily with 0.5 ml
heparinized saline during the 5-day recovery period.
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2.4) Acquisition of responding

Rats initially responded under a fixed ratio (FR) 1 schedule of reinforcement for MDPV
(0.032 mg/kg/inf; n=20), or a mixture of MDPV+caffeine (0.029 and 0.66 mg/kg/inf,
respectively; n=20) during daily 90-min sessions. The doses for the MDPV+caffeine mixture
were based on a previous study# so that the unit dose of caffeine would contribute ~10% of
the total effect to the self-administered mixture (i.e., reduced the MDPV dose by 10%
effectiveness), and to allow for a sufficiently large intake of caffeine (~20-50 mg/kg/session)
without also decreasing the number of infusions (drug-CS pairings).1~>18 [llumination of a
yellow LED above the active lever (counterbalanced left or right) signaled drug availability
(i.e., the discriminative stimulus; SP), and completion of the response requirement resulted
in an infusion (0.1 ml/kg over ~1-sec) paired with a 5-sec illumination of the 3 LEDs above
the active lever and the houselight (i.e., infusion-paired stimuli; SR), during which no
additional infusions could be earned (i.e., a 5-sec timeout [TO]). Together, the SP and SR
comprise the conditioned stimuli (CS). Responses during TOs and on the inactive lever were
recorded but had no scheduled consequence. The FR1:TO 5-sec schedule was in place for a
minimum of 10 sessions, and until acquisition criteria were met (=20 infusions, and >80%
responding on the active lever for 2 consecutive days). Response requirement was
subsequently increased to FR5 for the remainder of the experiment.

2.5) Self-administration — Extinction — Reinstatement test cycles

Following acquisition, rats underwent repeated cycles of reinstatement testing, with each
cycle consisting of 3 conditions: self-administration (10-15 sessions); extinction (7—9
sessions); and reinstatement testing (7—19 sessions for 3—7 test conditions). Experiments
consisted of =5 cycles. Briefly, rats were allowed to self-administer their assigned drug(s)
under an FR5:TO 5-sec schedule for a minimum of 10 sessions, and until stability criteria
were met (£20% of the mean of 3 consecutive sessions; no increasing or decreasing trend),
or a maximum of 15 sessions. Subsequently, rats transitioned to extinction conditions,
during which the SP and SR were never presented;®-9-29:30 however, completion of the
response requirement resulted in a saline infusion. Rats underwent at least 7 extinction
sessions (maximum of 9 sessions) and transitioned to reinstatement testing once active lever
responses were <15% of baseline (i.e., mean active lever responses during the 3 self-
administration sessions that immediately preceded extinction). Reinstatement tests were
conducted under 3 different conditions: CS tests; CS+drug tests; and drug tests. CS
reinstatement tests were identical to self-administration conditions with the exceptions that:
1) rats received an intravenous pretreatment of saline (CS test) or drug (CS+drug test) 5-min
before the session; and 2) saline rather than drug was delivered once response requirements
were met. &9-29.30 Each block of reinstatement testing consisted of 3-7 reinstatement tests,
with CS tests always occurring first, followed by 2-6 additional CS+drug tests. Each
reinstatement test was separated by at least 2 extinction sessions, with additional extinction
sessions conducted until extinction criterion was met. To evaluate the importance of the CS
to the reinstatement response, tests were also conducted in the absence of the CS (drug test).
During drug tests, pretreatments were administered 5-min before the session, however, the
SD was never presented, and saline infusions were delivered without the SR.
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2.6) Experiment 1 — Drugs alone

Experiment 1 evaluated the potency and effectiveness of MDPV (0.032-1 mg/kg), caffeine
(1-32 mg/kg), and heroin (0.1-0.32 mg/kg) to reinstate responding in rats with a history of
MDPV (n=10), or MDPV+caffeine (n=10) self-administration. CS tests (saline pretreatment)
were followed by 2—4 doses of a test drug (CS+drug test) evaluated in random order. Dose-
response curves for MDPV and caffeine were doubly determined, with the order of testing
counterbalanced across rats (MDPV-caffeine-MDPV-caffeine, or caffeine-MDPV-caffeine-
MDPV). Heroin was included as a negative control and was always tested during the fifth
cycle. A subset of rats failed to complete the second determination of the caffeine, (MDPV
+caffeine: n=1), MDPV (MDPV+caffeine: n=2), and heroin (MDPV: n=1; MDPV+caffeine:
n=3) dose response curves due to technical issues.

2.7) Experiment 2 — Drug mixtures

2.8) Drugs

Experiment 2 evaluated the potency and effectiveness of MDPV+caffeine mixtures to
reinstate responding in rats with a history of self-administering MDPV (n=10), or a mixture
of MDPV+caffeine (n=10). During test cycles 1-3, mixtures of MDPV:caffeine were
evaluated at 3:1, 1:1, and 1:3 ratios of the doses of each drug that were estimated to produce
a 50% effect (i.e., the group mean EDggs; determined in Experiment 1). Briefly, the mean
dose-response curve for each rat was normalized to the CS test (saline; 0% effect level), with
the dose that reinstated the most responding serving as the 100% effect level (i.e., Emax)-
Normalized dose-response curves were fit using a linear regression of the data spanning the
20-80% effect levels, from which the EDsg, slope, and y-intercept were obtained for
individual subjects. To fully evaluate the capacity of the mixtures to reinstate responding,
each mixture (3:1, 1:1 and 1:3 MDPV:caffeine) was tested at 4 unique dose pairs (Table S1)
spanning the 0-100% predicted effect levels (see below), with the order of testing
counterbalanced across rats. The 4™ and 5 cycle tested the most effective doses of MDPV
and caffeine (41") and each of the fixed dose mixtures (5!") with and without CS
presentation. Due to technical issues, a subset of rats failed to complete the 3:1 (MDPV
+caffeine: n=2) and 1:1 MDPV:caffeine (MDPV+caffeine: n=2) dose response curves, and
the experiments examining the impact of CS presentation (MDPV: n=1; MDPV+caffeine:
n=4).

MDPV HCI was synthesized by Drs. Sulima and Rice (Bethesda, MD). Caffeine was
purchased from Sigma-Aldrich (St. Louis, MO). Heroin was provided by the NIDA Drug
Supply Program (Bethesda, MD). All drugs were dissolved in sterile saline and solutions
were administered in a volume of 0.1 ml/kg for self-administration and 1 ml/kg for
reinstatement tests, when feasible. Solubility limits required doses of caffeine >14 mg/kg to
be administered in volumes of 3.2 ml/kg during reinstatement tests.

2.9) Statistical analyses

Predicted effect levels for each drug pair were calculated based on the concepts of dose
equivalence and dose addition.2# Briefly, the dose of caffeine (DoseB) was converted to an
equivalent dose of MDPV (DoseBegA) using the following equation:*
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DoseBeqA = [(SlopeB x DoseB) + (intB — intA)]/SlopeA [N

where SlopeA and SlopeB are the slope parameters and intA and intB are the y-intercepts
for MDPV and caffeine, respectively, and derived from the normalized dose-response curves
described above. The sum of DoseA and DoseBegA (DosegqA) represents the total
equivalent dose for a dose pair, expressed in terms of drug A (MDPV). DoseegA is then used
to calculate the predicted effect level for an additive interaction using the following
equation:

Predicted Effect Level = (SlopeA X Dosequ) + intA @)

The number of responses made during self-administration and extinction sessions were
analyzed by two-way (test cycle and day) repeated-measures (RM) ANOVA with post-hoc
Tukey’s tests. Two-way (CS condition and test cycle) RM ANOVAs with post-hoc Sidak’s
tests were used to determine whether responding during CS tests was significantly different
from responding during the last day of extinction (i.e., no-CS conditions). Dose-response
curves for MDPV, caffeine, and mixtures of MDPV+caffeine were analyzed by two-way
(self-administration history and drug dose) RM ANOVA with post hoc Tukey’s tests. To
obtain measures of potency and effectiveness, individual subject dose-response curves were
analyzed by linear regression. Eqax (SEM) values for each drug and fixed ratio mixture of
MDPV+caffeine were compared both within and between groups using two-way ANOVA
with post-hoc Tukey’s tests. Non-overlapping 95% confidence intervals (Cls) served as in
indicator of statistical significance for comparisons of EDg values. To evaluate the nature of
the interaction for mixtures of MDPV+caffeine, experimentally determined EDsgq (95% CIs)
and Enax Values for each fixed ratio mixture (e.g., 3:1 MDPV:caffeine) were compared to
the EDs5p (95% Cls) or Epay derived from the dose-response curve predicted for an additive
interaction. When 95% Cls overlapped, the interaction was considered to be strictly additive;
however, when 95% Cls did not overlap the interaction was considered to either supra-
additive (mean ED5g was smaller or Eqay Was larger than predicted) or sub-additive (mean
EDsg was larger or Eqax Was smaller than predicted). A two-way (CS and drug
pretreatment) RM ANOVA with post-hoc Tukey’s tests was used to determine if the CS
interacted with the direct effects of the drug(s) to reinstate responding.

3) Results

3.1) Self-administration

Nearly all rats (95% for MDPV and 100% for MDPV+caffeine) met acquisition criteria
within the first 10 days of self-administration under the FR1:TO 5-sec schedule of
reinforcement (data not shown). There were no differences in mean number of days to meet
criteria between the MDPV (4.5 + 0.5 sessions) and MDPV+caffeine (4.8 = 0.4 sessions)
conditions (p=0.6), or the level of responding maintained by MDPV (55.0 + 13.6 responses)
or MDPV+caffeine (43.3 £ 2.4 responses) at the end of the 10 day period (p=0.5). Figure 1
shows the number of responses made during the 3 self-administration sessions that
immediately preceded extinction conditions for rats that self-administered MDPV (top
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panel) or MDPV+caffeine (bottom panel). In the MDPV+caffeine group, there was a
significant effect of day (F[2,154] = 4.7; p<0.01) where post-hoc analyses revealed
responding was significantly lower on days 9 and 10 of self-administration compared to day
8 (p<0.05 for all). There was no main effect of cycle for either group (MDPV —
F[4,94]=0.14, p>0.05; MDPV+caffeine — F[4,77]=1.57, p>0.05), indicating that the level of
self-administration did not vary across test cycle. Additionally, the level of responding did
not differ as a function of the drug(s) that were available for self-administration (MDPV —
301.2 + 11.0 responses; MDPV+caffeine — 299.5 + 7.6 responses).

3.2) Extinction

Figure 1 also shows the number of responses made during the 7 extinction sessions that
followed MDPV (top panel) or MDPV+caffeine (bottom panel) self-administration. A two-
way, RM ANOVA (by day) found a main effect of day (MDPV - F[6,564]=51.8, p<0.0001;
MDPV+caffeine — F[6,468]=43.3, p<0.0001), a main effect of cycle (MDPV —
F[4,94]=18.3, p<0.0001; MDPV+caffeine — F[4,78]=15.5, p<0.0001), and a day x cycle
interaction (MDPV - F[24,564]=4.0, p<0.0001; MDPV+caffeine — F[24,468] =7.2,
p<0.0001). Post-hoc analyses indicated that the number of responses made on day 1 of
extinction was significantly greater during cycle 1, compared to all other cycles (p<0.05 for
all). Additionally, rats responded more on day 1 of extinction compared to the last day, for
all cycles (p<0.05 for all); however, the level of responding on day 7 of extinction was not
different across cycles (p>0.05 for all). A one-way ANOVA found a main effect of cycle on
the number of days to meet extinction criterion (MDPV - F[4,94]=6.0, p<0.001; MDPV
+caffeine — F[4,77]=9.5, p<0.0001), with post-hoc analyses indicating that extinction
occurred more slowly during cycle 1 compared to the remaining cycles (p<0.05 for all);
however, the time to extinction during cycles 2-5 did not differ for either group.

3.3) Reinstatement: CS tests

The number of responses made during the 5 CS tests are show in Figure 1. A one-way
ANOVA indicated a significant effect of cycle for both groups (MDPV - F[4,94]=9.5,
p<0.0001; MDPV+caffeine — F[4,78]=6.9, p<0.0001), with post-hoc tests revealing that the
effectiveness of the CS to reinstate responding was significantly reduced by cycle 2 for the
MDPV group, and by cycle 3 for the MDPV+caffeine group. Despite this effect of cycle,
reintroduction of the CS reinstated significant levels of responding (compared to the last day
of extinction) during all 5 test cycles (p<0.05 for all).

3.4) Reinstatement: CS+Drug tests - MDPV and caffeine alone

Reinstatement dose-response curves for MDPV (Figure 2A) and caffeine (Figure 2B) were
doubly determined. When tested alone, MDPV and caffeine reinstated similar levels of
responding (F[1,62]=0.96, p=0.3). In addition, the effects of MDPV and caffeine did not
differ as a function of self-administration history (F[1,62]=0.48, p=0.5), and did not differ
across repeated determinations (MDPV - F[1,9]=0.19, p=0.7; MDPV+caffeine -
F[1,16]=0.4, p=0.6). To confirm 1.0 mg/kg MDPV was the most effective dose of MDPV to
reinstate responding, a larger dose of MDPV (3.2 mg/kg) was tested in a subset of rats from
Experiment 2 (n=7) and resulted in a mean of 6.4 (+ 3.2) reinstatement response (data not
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shown). Unlike MDPV and caffeine, doses of 0.1 and 0.32 mg/kg heroin failed to reinstate
responding (36.3 + 4.6 and 36.7 + 5.8 responses, respectively; data not shown).

3.5) Reinstatement: CS+Drug tests - MDPV+caffeine mixtures

Figure 2C-E show the dose-response curves predicted for an additive interaction (dashed
lines) and experimentally-determined dose-response curves for the 3:1, 1:1, and 1:3 fixed
ratio mixtures of MDPV:caffeine during CS+drug tests. All 3 mixtures of MDPV+caffeine
reinstated responding in a dose-dependent manner (3:1 — F[1.7,27.5]=99.6, p<0.0001; 1:1 -
F[1.8,29.0]=120.6, p<0.0001; 1:3 — F[2.1,36.0], p<0.0001); effects did not differ as a
function of self-administration history (3:1 - F[1,16]=0.02, p=0.9; 1:1 - F[1,16]=1.1, p=0.3;
1:3-F[1,16]=1.9, p=0.2). Although all 3 mixtures of MDPV+caffeine exhibited additive
interactions with regard to potency to reinstate responding (Table 1), significant departures
from additivity were observed with regard to effectiveness to reinstate responding.
Importantly, these interactions were observed in rats that self-administered either MDPV
(3:1 and 1:1 mixtures), or a mixture of MDPV+caffeine (1:1 and 1:3 mixtures). In addition,
the largest dose pair of each ratio (3:1, 1:1, and 1:3) was significantly more effective at
reinstating responding than the dose-independent maximal reinstatement response (Eqax)
produced by either caffeine or MDPV in Experiment 1 (Table 1).

3.6) Reinstatement: Drug tests (no CS)

3.7)

Reinstatement tests were conducted with maximally effective doses of MDPV, caffeine, and
their mixtures under both CS and no CS conditions (Figure 3). There were main effects of
both CS condition and drug pretreatment as well as a CS condition x drug pretreatment
interaction in rats that self-administered either MDPV (CS - F[1,8]=43.0, p<0.001; Drug -
F[6,48]=22.2, p<0.0001; Interaction — F[6,48]=2.6, p<0.05), or MDPV+caffeine (CS -
F[1,5]=12.1, p<0.05; Drug — F[6,30]=14.2, p<0.0001; Interaction — F[6,30]=4.2, p<0.01).
When tested in the absence of the CS (drug test), 1.0 mg/kg MDPV reinstated significantly
less responding than when the CS was presented (CS+drug test), regardless of self-
administration history (p<0.05 for both; Figure 3, top panels). Similarly, caffeine (10 mg/kg)
was significantly less effective at reinstating responding during the drug test compared to the
CS+drug test in both the MDPV (p<0.001) and MDPV+caffeine groups (p<0.01).

Similar to effects observed with MDPV and caffeine, CS+drug tests generally engendered
more responding than drug tests; however, mixtures of MDPV+caffeine (Figure 3, bottom
panels) generally retained their effectiveness to reinstate responding during drug tests (no
CS), an effect that was rarely observed with either MDPV or caffeine alone. Unlike when
MDPV and caffeine were tested in the absence of CS (i.e., drug tests), the reinstatement
responses elicited by mixtures of MDPV+caffeine were more variable, with a subset of rats
responding at similarly high levels under both CS and no CS conditions.

Intra-session Patterns of Reinstatement Responding

Post-hoc analyses of cumulative records from tests of the maximally effective doses of
MDPV, caffeine, and the 3:1, 1:1, and 1:3 mixtures of MDPV:caffeine were performed to
determine if patterns of responding differed between the drugs/drug mixtures during CS
+drug tests (Figure 4). Unlike with saline (CS test), when the majority of responding
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occurred early in the session, pretreatment with MDPV (1 mg/kg) resulted in few responses
being made during the first 20 min of the test, followed by high rates of responding over ~40
min. Although MDPV and caffeine (10 mg/kg) reinstated similar levels of responding,
caffeine reinstated responding sooner (within the first minute), with low rates of responding
observed over a prolonged period of time (~80 min). To determine if the delayed effect of
MDPV was due to a competing behavioral effect (e.g., stereotypy), 1.0 mg/kg of MDPV was
also administered as a 25-min pretreatment (n=8). Under these tests, a similar lag in
responding was observed, and the magnitude of the reinstatement response was similar
(253.4 £ 63.4 responses) to when MDPV was administered the 5 min before the start of the
session (285.2 + 38.3 responses; data not shown).

The patterns of responding reinstated by mixtures of MDPV+caffeine appeared to have
aspects of both constituent drugs. For instance, for mixtures where MDPV predominated
(3:1 MDPV:caffeine), there was a noticeable lag (~10 min) in the initiation of responding,
followed by high rates of responding that extended beyond that observed with MDPV alone.
Conversely, for mixtures where caffeine predominated (1:3 MDPV:caffeine), high rates of
responding initiated were early in the session and persisted for a longer period of time than
when caffeine was tested alone. Patterns of responding did not appear to vary as a function
of self-administered drug(s).

4) Discussion

Synthetic cathinones, such as MDPV, are often used in preparations that contain multiple
psychoactive constituents (e.g., “bath salts™). Numerous studies have described the
reinforcing and discriminative stimulus effects of synthetic cathinones; however, relapse-
related behaviors associated with the self-administration of synthetic cathinones and/or “bath
salts” mixtures have been understudied. This study used multiple cycles of reinstatement
testing to characterize the potency and effectiveness of MDPV and caffeine to reinstate
responding in rats that self-administered either MDPV or a mixture of MDPV+caffeine, and
then applied dose addition analyses to determine if “bath salts” mixtures of MDPV+caffeine
were more effective at reinstating responding than either MDPV or caffeine alone. The first
central finding was that MDPV and caffeine dose-dependently reinstated responding, and
that the magnitude of this response was not impacted by the drug(s) that were self-
administered. The second main finding was that when administered as mixtures, MDPV and
caffeine exhibited supra-additive interactions with regard to their effectiveness to reinstate
responding, regardless of whether rats had previously self-administered MDPV or a mixture
of MDPV+caffeine. Finally, these studies found that, though drug-associated conditioned
stimuli (CS) appeared to play a prominent role in enhancing the effectiveness of both MDPV
and caffeine to reinstate responding, the importance of the CS to the reinstatement response
was reduced when MDPV+caffeine were administered as mixtures. Taken together, these
findings suggest that even though histories of self-administering MDPV or a mixture of
MDPV+caffeine did not differentially affect the reinstating effects of MDPV or caffeine,
when mixed, the reinstating effects of MDPV and caffeine were supra-additive, suggesting
that the composition of drug primes and the presence of drug-associated stimuli can impact
the promotion of relapse-related behavioral responses.
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The levels of self-administration maintained by MDPV and a mixture of MDPV+caffeine
did not differ; however, it is important to note that the MDPV+caffeine group had a history
of response-contingent caffeine delivery whereas the MDPV group did not. This key
difference allowed for testing hypotheses regarding interactions between the composition of
the self-administered drug(s) and the relative potency and effectiveness of constituent drugs
to reinstate responding. Specifically, that MDPV would be equi-effective in both groups, but
that caffeine would be more effective at reinstating responding in rats that self-administered
a mixture of MDPV+caffeine compared to rats that only ever self-administered MDPV.
Although MDPV reinstated equivalent amounts of responding in both groups, contrary to
predictions, caffeine also reinstated high levels of responding in rats with a history of MDPV
or MDPV+caffeine self-administration. Numerous studies suggest caffeine can reinstate low
levels of responding in rats that previously self-administered cocaine;®-9-25-27 5o it was
somewhat surprising that caffeine was as effective as MDPV at reinstating responding.
Though the factors that underlie discrepancies between present and previous reports of the
effectiveness of caffeine to reinstate responding are unclear, pharmacokinetic differences
between MDPV and caffeine cannot be ruled out. For instance, with MDPV, reinstatement
of responding was delayed, but ultimately occurred at high rates over a relatively short
period of time. However, with caffeine, reinstatement of responding was more immediate,
but occurred at lower rates over a relatively longer period of time. Thus, if slope/rate is used
as a proxy for the magnitude/strength of the reinstatement response, then MDPV would be
considered more effective at reinstating responding than caffeine. Nevertheless, that the
effects of caffeine did not differ as a function of self-administration history suggests that, at
least for mixtures of MDPV and caffeine, the composition of a self-administered drug
mixture did not impact the effectiveness of the constituent drugs to reinstate responding.

Regardless of self-administration history, MDPV+caffeine mixtures were more effective at
reinstating responding than would be predicted based on the effects of the constituents alone,
suggesting mixtures may be more likely to promote relapse-related behaviors in abstinent
individuals. These findings are consistent with previous studies that have identified supra-
additive interactions between the discriminative stimulus? and reinforcing effects*® of
MDPV and caffeine in rats. Interestingly, unlike prior studies which described supra-additive
enhancements in potency for mixtures of MDPV+caffeine to serve as discriminative stimuli
or reinforce responding, 1 the present findings suggest that mixtures of MDPV+caffeine
were just as potent, but significantly more effective at reinstating responding than would be
expected based on the effects of MDPV and caffeine alone. Although speculative, these
differences may be due to procedural differences, such as the fact that MDPV produced near
exclusive choice of the drug-appropriate lever in drug discrimination assays,* and
maintained unusually large final ratios (>1000 responses) when available for self-
administration under a PR schedule of reinforcement,* thus making it difficult, if not
impossible, for the addition of caffeine to increase the maximal effect.

In addition to frequent inclusion in “bath salts” preparations, caffeine is also a common
adulterant of other illicit stimulants, including cocaine.®-9-9:31-33 While caffeine is likely
added to provide bulk (i.e., to reduce the amount of illicit drug per gram of powder), it is
also the most widely consumed psychoactive compound,3* and numerous studies suggest
that caffeine can enhance a variety of abuse-related effects of stimulants.&-9-1.24.518 Thjs js
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important because the 10 mg/kg dose of caffeine that produced a robust reinstatement of
responding in the present study has been shown to produce blood levels of caffeine (~10
Owml; R. W. Seaman Jr, et al., unpublished data, January 2020) comparable to those
observed in humans following oral administration of ~300-400 mg of caffeine,3° a dose
roughly equivalent to 1-2 cups of coffee or an energy drink.34:3¢ Thus, consumption of
highly caffeinated beverages may promote relapse-related behaviors in otherwise abstinent
people, especially if consumed in the presence of other drug-associated cues (e.g.,
environmental or paraphernalia). Though a rigorous evaluation of the mechanism that
accounts for the supra-additive interactions between MDPV and caffeine was outside the
scope of the current study, a growing body of literature suggests that dopamine D, and
adenosine Ay receptors form heteromers in the striatum and tonic activation of Ao by
adenosine serves to dampen signaling through dopamine D receptors.37:38 Indeed,
adenosine Ay receptor agonists can inhibit the reinstatement responding for cocaine by
dopamine D, receptor agonists,3%-41 and dopamine D5, receptor antagonists can interfere
with the reinstatement of responding for cocaine by adenosine Ay receptor antagonists,
such as caffeine.39 Thus, convergent evidence suggests the reinstating effects of caffeine, as
well as the supra-additive enhancements in the reinstating effects of mixtures of caffeine and
MDPV, may be mediated by caffeine’s capacity to effectively remove the tonic inhibition of
dopamine D, receptors, thereby enhancing the dopamine D5 receptor signaling pathways
that underlie relapse-related behaviors.

The importance of the CS to the magnitude of response may further implicate dopamine D2
receptors, as previous reports have demonstrated that dopamine D2 receptor antagonists can
attenuate the CS reinstatement effects of relatively weak reinforcers such as nicotine,*? and
maintenance or reinstatement of responding by dopamine D2-like receptor agonists is
mediated by enhancement of the conditioned properties of cocaine-associated stimuli.
39.43-45 While these findings provide a potential explanation as to why the effectiveness of
caffeine to reinstate responding was so highly dependent on the presence of the CS, previous
studies have clearly established that drug-associated stimuli are not necessary for all drugs to
reinstate an extinguished drug-taking response.&-9-16:25.26.46 |ndeed, the present study also
clearly showed that the reinstating effects of mixtures of MDPV+caffeine were less reliant
on response contingent CS presentations, suggesting that the supra-additive interactions
observed between the reinstating effects of MDPV and caffeine may be influenced by
additional factors, such as overlapping discriminative stimulus effects.

Although previous studies have shown that the cocaine-like discriminative stimulus
properties of dopamine D1-like receptor agonists are not sufficient to reinstate extinguished
responding for cocaine,26:46-50 gne cannot rule out the possibility that the overlap, and
interactions between, the discriminative stimulus properties of caffeine and MDPV
contributed to effectiveness of mixtures of MDPV+caffeine to reinstate responding under
both CS and no CS conditions, especially when considering the inability of heroin, which
lacks MDPV-like discriminative stimulus properties, to reinstate responding. Indeed, given
that supra-additive interactions have been reported between the discriminative stimulus
effects of MDPV and caffeine,! it is possible that synergism between the discriminative
stimulus effects of MDPV and caffeine is sufficient to reinstate responding even in the
absence of the CS. Thus, even though the similarities between the discriminative stimulus
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effects of the drugs that comprised our drug mixture may have confounded attempts to
address hypotheses regarding the relative effectiveness of the individual constituents of drug
mixtures to reinstate responding, studies with mixtures of drugs with non-overlapping
discriminative stimulus effects (e.g., stimulants and opioids) could provide a better
understanding of the factors that underlie relapse-related behaviors following more complex
histories of polysubstance abuse.

In summary, MDPV, caffeine, and mixtures of MDPV+caffeine were all highly effective at
promoting relapse-related behavior in rats, and the interactions between MDPV and caffeine,
two common “bath salts” constituents, were supra-additive. Despite predictions about the
importance of self-administration history (e.g., MDPV, or MDPV+caffeine) to relapse-
related behaviors, the potency and effectiveness of MDPV, caffeine, or mixtures of MDPV
+caffeine to reinstate responding did not differ as a function of reinforcement history.
Though the present study was unable to identify history-dependent effects of MDPV,
caffeine, and mixtures of MDPV+caffeine on relapse-related behaviors, the fact that illicit
drug preparations commonly contain multiple psychoactive substances, and that
polysubstance abuse is common, highlights the need for continued research into how
complex reinforcement histories, and interactions among commonly used drugs can impact
relapse-related behaviors.
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Figure 1.

Active lever responses across repeated cycles of self-administration, extinction, and
reinstatement testing in male Sprague-Dawley rats that self-administered MDPV (upper
panel; n=18-20) or a mixture of MDPV+caffeine (lower panel; n=15-20). Abscissa: the last
3 days of self-administration, the first 7 days of extinction, and the CS test (saline
pretreatment) Ordinate: total responses on the active lever during the 90-min session. Data
represent the mean (x 1 S.E.M.) for 5 cycles of the procedure.
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Figure 2.

Dose-response curves for the number of responses made during CS+drug reinstatement tests
in rats with a history of self-administering MDPV (black open circles; n=10) or a mixture of
MDPV+caffeine (gray open squares; n=8-10). Experimentally determined dose-response
curves (circle or square symbols) for MDPV (panel A), caffeine (panel B) alone, as well as
mixtures of MDPV+caffeine at 3 fixed-dose ratios, (panel C [3:1], panel D [1:1], and panel
E [1:3]) represent the mean (+ 1 S.E.M.) number of responses, whereas the predicted dose-
response curves (red lines, no symbols) represent the mean (+ 1 S.E.M.) number of
responses calculated for an additive interaction. Abscissa: S represents saline pretreatment
(CS test), whereas the numbers refer to doses of MDPV (panel A), caffeine (panel B), or
MDPV equivalents (panels C-E) administered intravenously 5-min before the CS or CS
+drug test session. Ordinates: total number of responses made on the active lever during the
90-min session. Filled symbols represent responding significantly greater than saline (CS
test).
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Figure 3.

Influence of CS presentation during reinstatement tests in rats with a history of self-
administering MDPV (black bars; n=9) or a mixture of MDPV+caffeine (gray bars; n=6).
Filled bars represent CS+drug tests whereas open bars represent drug tests (no CS).
Abscissa: CS and no CS refer to the presence (CS+drug test) and absence (drug test) of CS
presentation, respectively. The drug and dose (or saline) indicate the pretreatment
administered intravenously 5-min before the reinstatement session. Ordinate: total number
of responses made on the active lever during the 90-min session. *p<0.05 indicates a
significant difference from saline for the same self-administration history and CS condition.
#p<0.05 indicates a significant from the CS conditions for the same pretreatment and self-
administration history.

Ad(dict Biol. Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Doyle et al.

400
300 ~
200

100 1

] MDPV history
MDPV+caffeine history

0-

400 -

300 -

Responses / session

200 -

100 -+

1.0 mg/kg MDPV

saline (CS only)

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

3:1

0.5 mg/kg MDPVequivaIents
— T T T T

0 1020 3040 50 60708090 0 10 20 30 40 50 60 70 80 90

0.5 ff;g/kg MDPVeduivalents

Session duration (min)

Figure 4.

Page 19

10 mg/kg

caffeine
1 1 1

0 10 20 30 40 50 60

70 80 90

quivalents

0.5 mg/kg MDPV®
T T 1 1 T T
0 10 20 30 40 50 60 70 80 90

Mean response pattern during the CS+drug tests for saline (upper left) and the most effective
dose of MDPV (upper center), caffeine (upper right), and each fixed-dose mixture [3:1
(lower left), 1:1 (lower center), and 1:3 (lower right)]. Solid line represents the mean and
shaded region represents the 95% confidence intervals for the response pattern in rats with a
history of self-administering MDPV (blue; n=10) or a mixture of MDPV+caffeine (red;
n=10). Abscissa: the session duration (min). Ordinates: total number of responses made on

the active lever during the 90-min session.
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