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Abstract

Rationale: “Bath salts” preparations often contain combinations of synthetic cathinones (e.g., 

3,4methylenedioxymethcathinone [methylone], 3,4-methylenedioxypyrovalerone [MDPV]) and 

caffeine, and evidence suggests that mixtures of synthetic cathinones and caffeine (e.g., MDPV

+caffeine or methylone+caffeine) can be more potent and/or effective reinforcers than predicted 

for an additive interaction.

Objective: To use demand curve analyses to compare the reinforcing effectiveness of MDPV and 

methylone to mixtures of MDPV+caffeine and methylone+caffeine.

Methods: Male Sprague-Dawley rats acquired methylone self-administration (0.32 mg/kg/inf) 

under a fixed ratio (FR) 1 schedule of reinforcement, and generated full dose-response curves for 

methylone (0.01–1 mg/kg/inf) under an FR5 schedule of reinforcement. Demand curves were then 

obtained for methylone, MDPV, caffeine, and methylone+caffeine and MDPV+caffeine mixtures 

by increasing the FR across sessions according to the following series: 3, 10, 18, 32, 56, 100, 178, 

etc.

Results: Self-administration of methylone was rapidly acquired by 87.5% of rats and was 

maintained across a range of doses, producing an inverted U-shaped dose-response curve. Rank 

order demand for the individual constituents was MDPV>methylone>caffeine. Demand for the 3:1 

(but not 10:1) methylone+caffeine mixture was greater than that for methylone alone, and demand 

for MDPV alone was similar to both MDPV+caffeine mixtures evaluated.

Conclusions: These studies provide additional evidence that although methylone is an effective 

reinforcer, combining methylone with caffeine results in an enhanced reinforcing effectiveness 

compared to methylone alone. Thus, abused “bath salts” preparations containing synthetic 
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cathinones and caffeine may have higher abuse liability than preparations containing only 

synthetic cathinones.
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INTRODUCTION:

Use and abuse of new psychoactive substances (NPSs) has become a global concern over the 

past decade, and designer stimulants, including synthetic cathinones, are the largest 

subgroup of NPSs (UNODC 2017). Synthetic cathinones are commonly detected in “bath 

salts” preparations that are often marketed as safe and legal alternatives to illicit stimulants, 

such as cocaine, methamphetamine, or 3,4-methylenedioxymethamphetamine. Similar to 

other stimulants, synthetic cathinones interact with dopamine, norepinephrine, and serotonin 

transporters (DAT, NET, and SERT; respectively) where they function as either 

amphetamine-like transporter substrates (e.g., 3,4methylendedioxymethcathinone 

[methylone]) or cocaine-like transporter inhibitors (e.g., 3,4methylenedioxypyrovalerone 

[MDPV]) (Baumann et al. 2013; Eshleman et al. 2013; Simmler et al. 2013). Consistent with 

these mechanisms of action, methylone and MDPV have also been shown to increase 

locomotor activity, produce cocaine-, methamphetamine-, or 3,4-

methylenedioxymethamphetamine-like discriminative stimulus effects, and maintain 

intravenous self-administration (e.g., Collins et al. 2016; Dolan et al. 2018; Fantegrossi et al. 

2013; Gannon et al. 2016, 2017a, b, 2018b; Gatch et al. 2013).

The exact composition of “bath salts” preparations is quite variable; however, analyses of 

seized and purchased “bath salts” suggest that they often contain more than one 

psychoactive constituent, including multiple synthetic cathinones and/or combinations of 

synthetic cathinones and caffeine (Caudevilla-Galligo et al. 2013; Davies et al. 2010; 

Schneir et al. 2014; Seely et al. 2013; Shanks et al. 2012; Spiller et al. 2011; Zuba and 

Byrska 2013). Given this variability, it is perhaps not surprising that “bath salts” users report 

their effects to be variable, ranging from quite favorable (e.g., alertness and intense 

euphoria) to extremely undesirable (e.g., agitation, paranoia, and death) (Forrester et al. 

2012; Johnson and Johnson 2014; Ross et al. 2011; Spiller et al. 2011). Although “bath 

salts” preparations typically contain more than one psychoactive constituent, the majority of 

“bath salts” research has focused on characterizing the effects of individual cathinones.

Caffeine, an adenosine A1/A2 receptor antagonist, is often mixed with stimulants (e.g., 

cocaine, methamphetamine, 3,4-methylenedioxymethamphetamine) on the illicit drug 

market (e.g., Lapachinske et al. 2015; Vidal Gine et al. 2016), in part because it is cheap and 

legal, but also because its mild stimulant properties are thought to mimic those of illicit 

stimulants. Indeed, humans report the subjective effects of intravenous caffeine to be similar 

to amphetamine (Garrett and Griffiths 2001), and studies in rats suggest that the 

discriminative stimulus effects of caffeine are not only similar to those of cocaine, but when 

administered as a drug mixture, caffeine can also enhance the discriminative stimulus effects 

of cocaine (Collins et al. 2016; Harland et al. 1989). Moreover, we have recently shown that 
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mixtures of synthetic cathinones and caffeine can exhibit supra-additive interactions with 

regard to their reinforcing effects. For instance, when evaluated under a progressive ratio 

(PR) schedule of reinforcement, mixtures of MDPV and caffeine were found to be more 

potent than MDPV alone, and mixtures of methylone and caffeine were found to be more 

effective than methylone alone. Although these findings suggest that caffeine can enhance 

the abuse-related effects of synthetic cathinones, it is important to note that additive 

interactions were observed for the majority of the “bath salts” mixtures, with supra-additive 

interactions observed only at 1:1 and 3:1 mixtures of methylone+caffeine, and at a 3:1 

mixture of MDPV+caffeine (Gannon et al. 2018b). Although these findings suggest 

mixtures of synthetic cathinones and caffeine can function as more effective reinforcers than 

the synthetic cathinone alone, because these studies used a PR schedule of reinforcement to 

characterize these interactions, it is possible that the conclusions were influenced by factors 

such as drug accumulation and potential pharmacokinetic differences amongst the drug(s) 

(Griffiths et al, 1979; Lile et al, 2003; Panlilio and Schindler, 2000; Wee et al, 2006).

Thus, the present study employed a complementary, behavioral economic method for 

determining reinforcing effectiveness (i.e., demand curve analyses) that avoids these 

confounds to compare the reinforcing effects of MDPV and methylone alone to those of 

mixtures of MDPV+caffeine and methylone+caffeine. Because demand curve analyses can 

provide a single estimate of value (i.e., α) for data generated with multiple doses of a given 

commodity (e.g., drug or food), they provide a largely dose-independent method for 

assessing reinforcing effectiveness (e.g., Hursh and Silberberg 2008; Hursh and Winger 

1995; Winger et al. 2006), but are less useful for comparing differences in potency amongst 

drug reinforcers (e.g., Koffarnus et al. 2012). Accordingly, based on the results of our 

previous study that evaluated the relative reinforcing effects of MDPV, methylone, caffeine, 

and their binary mixtures under the PR schedule of reinforcement (Gannon et al. 2018b), we 

hypothesized that 1) the rank order demand for the “bath salts” constituents would be 

MDPV > methylone > caffeine; and 2) “bath salts” mixtures that exhibited supra-additive 

increases in reinforcing effectiveness (methylone+caffeine) would be greater than the 

cathinone alone, whereas demand for “bath salts” mixtures that exhibited supra-additive 

increases in reinforcing potency (MDPV+caffeine) would not differ from demand for the 

cathinone alone.

METHODS:

Subjects

Male Sprague-Dawley rats (275–300g upon arrival) purchased from Envigo (Livemore, CA, 

USA) were singly housed, maintained in a temperature- and humidity-controlled room on a 

10/14-h dark/light cycle, and provided with ad libitum access to water and Purina rat chow. 

All experiments were conducted in accordance with the Institutional Animal Care and Use 

Committees of the University of Texas Health Science Center at San Antonio and the Eighth 

Edition of the Guide for Care and Use of Laboratory Animals (National Research Council 

2011).
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Surgical Procedures

Rats were implanted with catheters in the left femoral vein while anesthetized with 2% 

isoflurane as previously described (Gannon et al. 2017a, b, 2018a, b, c, d). Immediately after 

the surgery, catheters were flushed with 0.5 ml heparinized saline (100 U/ml) via a vascular 

access port located between the scapulae, and penicillin G (60,000 U/rat) was administered 

subcutaneously. Rats were provided at least 5 days to recover from the surgery, during which 

catheters were flushed daily with 0.5 ml heparinized saline.

Self-Administration

Self-administration sessions were conducted 7 days/week in operant conditioning chambers 

situated within noise-reduction containers (Med Associates, St Albans, VT, USA). Each 

chamber was equipped with two sets of red, yellow, and green light emitting diodes that 

were located directly above each of two response levers, and a house light was located at the 

top center of the opposite panel. Drug infusions were delivered by a variable speed syringe 

pump that was attached to a plastic fluid swivel connected to the rat via a spring tether that 

was held in place by a counterbalance arm.

A catheter-loading infusion was delivered 30-s before the start of each session, and 

illumination of the yellow light above the active lever (left or right; counterbalanced) 

signaled the start of the session and drug availability. Completion of the fixed ratio (FR) 

resulted in a drug infusion (0.1 ml/kg over ~1 s) that was paired with the illumination of the 

houselight and all three lights above the active lever for the duration of a 5-s timeout (TO). 

Responses made during the TO or on the inactive lever were recorded but had no scheduled 

consequence. Catheters were flushed before (0.2 ml saline) and after (0.5 ml heparinized 

saline) daily operant sessions to verify and maintain catheter patency. If pressure was noted 

when catheters were flushed, an infusion of methohexital (3 mg/kg) was administered to 

further test whether a catheter was still functional. If methohexital failed to produce a rapid 

loss of righting reflex, a second surgery was performed to place a catheter in the right 

femoral vein.

Acquisition

Rats (n=42) were initially allowed to respond for methylone (0.32 mg/kg/inf) under an 

FR1:TO 5-s schedule of reinforcement during 10 daily 90-min sessions. After 10 days, the 

response requirement was increased to an FR5 schedule for all rats that met our acquisition 

criteria (>20 infusions earned for 2 consecutive days with ≥80% of the responses made on 

the active lever). Rats that failed to acquire (n=6) were provided additional sessions at FR1 

until criteria were met before increasing the response requirement. All rats responded on the 

FR5 schedule of reinforcement for at least 10 days and until stability criteria (±20% of the 

mean of three consecutive days with no increasing or decreasing trend) were met before 

moving on to other experiments. For all experimental procedures, if lethality was observed 

in (A) three out of the first four rats, or (B) >25% of the total number of rats assigned to a 

particular dose/dose pair, testing of that particular dose/dose pair was terminated.
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FR5 Dose-Response Curve

Previous behavioral economic studies of drug self-administration suggest that a single 

function (i.e., a demand curve) can be used to describe responding maintained by a range of 

doses for a given drug (e.g., Hursh and Winger, 1995, Winger et al, 2006). While this 

provides a largely dose-independent approach to quantifying demand for a drug, it is 

important to note that doses that fall on the ascending limb, or peak of a FR dose-response 

curve are sometimes unable to be fit to the same function as larger doses, resulting in these 

“threshold” doses having a larger α (i.e., lower value) (e.g., Hursh and Silberberg, 2008). 

Thus, in order to ensure that sufficiently large doses of methylone and MDPV were used, 

and because there is some discrepancy in the literature regarding the doseresponse curve for 

methylone self-administration in rats (Creehan et al, 2015; Javadi-Paydar et al, 2018; 

Schindler et al, 2016; Vandewater et al, 2015; Watterson et al., 2012), a full dose-response 

curve was generated for methylone under a FR5:TO 5-s schedule of reinforcement in 

approximately half of the rats (n=23) in order to ensure that the appropriate doses of 

methylone were studied. For the dose-response study, the first dose tested was always 0.32 

mg/kg/inf, with the remaining doses of methylone (0.01 – 1 mg/kg/inf) evaluated by 

substitution in a random order. All doses were evaluated until stability criteria were met 

(± 20% of the mean number of infusions for 3 consecutive days, with no increasing or 

decreasing trend). Doses for MDPV used in the demand experiments were selected based on 

historical data from our laboratory (Gannon et al., 2017).

Demand Curves

The remaining rats (n=19) were used to generate demand curves for methylone (0.32 and 1 

mg/kg/inf), MDPV (0.032 mg/kg/inf), caffeine (0.32 mg/kg/inf), mixtures of methylone

+caffeine at ratios of 1:1 (0.3 mg/kg/inf + 0.89 mg/kg/inf), 3:1 (0.45 mg/kg/inf + 0.44 

mg/kg/inf), and 10:1 (0.54 mg/kg/inf + 0.16 mg/kg/inf) methylone+caffeine, mixtures of 

MDPV+caffeine at ratios of 3:1 (0.038 mg/kg/inf + 0.44 mg/kg/inf), and 10:1 (0.046 

mg/kg/inf + 0.16 mg/kg/inf) MDPV+caffeine, and saline during daily sessions that lasted 

120 min. As previously described (Gannon et al. 2018a), demand curves were generated 

under a FRx:TO 5-s schedule of reinforcement where the FR increased across sessions 

according to the following series: 3, 10, 18, 32, 56, 100, 178, 320, 560, 1000, etc. Each ratio 

was in place until the stability criterion was met (± 15% of the mean number of infusions for 

2 consecutive days), and ratios were increased until a rat failed to earn a reinforcer for two 

consecutive sessions. With the exception that methylone (0.32 mg/kg/inf) was assessed first 

in all rats, the order of testing was randomized across rats. The doses of the individual 

constituents were selected based on their relative position on the descending limb of a FR 

dose response curve (i.e., ½ log larger than the peak). The specific fixed dose ratios for the 

“bath salts” mixtures were selected based on a previous study in which mixtures of MDPV

+caffeine yielded smaller ED50 values than predicted for an additive interaction (i.e., supra-

additive increase in potency), and mixtures of methylone+caffeine yielded larger Emax 

values than predicted for an additive interaction (i.e., supra-additive increases in 

effectiveness) under a PR schedule of reinforcement (Gannon et al. 2018b). In order to 

determine whether a history of responding for more effective drug reinforcers affected 

demand for methylone, demand for methylone (0.32 mg/kg/inf) was reassessed after demand 

for MDPV and the binary “bath salts” mixtures were evaluated.
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Drugs

Methylone and MDPV were synthesized as HCl salts in the laboratory of Kenner Rice 

(Bethesda, MD). Caffeine was purchased from Sigma-Aldrich (St. Louis, MO). All drugs 

were dissolved in sterile saline.

Data Analysis

Acquisition data are presented as the mean ± SEM of the number of responses emitted on 

the active and inactive levers, as well as the percentage of rats that met acquisition across the 

10-day acquisition period. Doseresponse data obtained under the FR5 schedule of 

reinforcement are presented as the mean ± SEM of the number of infusions earned at each 

unit dose of methylone. The “peak dose” of methylone (i.e., the unit dose that maintained 

the most responding) was determined on an individual subject basis and is presented as the 

group mean ± the 95% confidence intervals (CIs).

Data from the demand curve analyses are presented as the proportional consumption (Q/Q0) 

across the standardized price (the FR value X Q0), where Q is the mean number of infusions 

earned for a given drug/drug mixture at any FR and Q0 is the mean number of infusions 

earned for a given drug/drug mixture when the FR was set to 3. The data were then fit 

according to the following equation from Hursh and Silberberg (2008):

logQ = logQ0 + 1.76 e∧ −αQ0C − 1

where C is the FR and α estimates the rate of decline in consumption as the price increases 

(i.e., elasticity coefficient). As such, α can serve as a quantitative measure of the value (or 

reinforcing effectiveness) of each drug/drug mixture. Any two drugs/drug mixtures were 

considered to differ significantly in their reinforcing effectiveness if the 95% CIs 

surrounding the α value of each drug were non-overlapping. A one-way ANOVA with 

repeated measures followed by a Holm-Sidak’s test for multiple comparisons was used to 

detect differences in Q0 among the drugs/drug mixtures. All statistical analyses were 

performed on individual subject data; however, group means were used for graphical 

representations. Prism 7 software (GraphPad Software Inc., La Jolla, California, USA) was 

used to conduct statistical analyses and plot all figures.

RESULTS:

Acquisition

The majority of rats (85.7% [36/42]) acquired responding for methylone (0.32 mg/kg/inf) by 

the end of the 10-day acquisition period (Figure 1). Acquisition criteria for methylone self-

administration were met in 6.3 ± 0.3 days, with rats earning an average of 48.5 ± 3.4 

infusions per session by the end of the 10-day acquisition period.

Dose-Response Curve

Figure 1C shows the number of infusions earned for each unit dose of methylone under an 

FR5 schedule of reinforcement (n=21). The mean dose (95%CI) that maintained the 
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maximal number of infusions (i.e., the peak dose) was 0.12 (0.1, 0.15) mg/kg/inf methylone, 

with rats earning on average 61.0 ± 6.4 infusions. Selfadministration of the largest unit dose 

of methylone tested (1 mg/kg/inf) was lethal in 2 out of 23 rats (Table 1).

Demand Curves

Individual Constituents—Results from the demand curve analyses of FR responding for 

0.32 mg/kg/inf methylone (diamonds), 0.032 mg/kg/inf MDPV (Xs), 0.32 mg/kg/inf 

caffeine (circles), and saline (squares) are shown in Figure 2A (n=8). Data obtained from the 

demand curves (i.e., the elasticity coefficients [α], initial consumption [Q0], and fit of the 

curve [R2]) are shown in Table 2. Demand data for 0.32 mg/kg/inf methylone before and 

after responding for the mixtures were evaluated separately and when combined; however, 

because demand for the two determinations were not significantly different from one another 

and because a single curve could be fit to the data when both determinations were combined, 

only the combined values are reported. Comparisons of the elasticity coefficients (α) from 

the bestfit curves for these data indicate all three of the constituents functioned as reinforcers 

(i.e., demand for each was greater than that for saline) with MDPV being the most effective 

reinforcer (α=1.2×10−5 [0.9, 1.4]), followed by methylone (α=4.2×10−5 [3.8, 4.7]), and 

caffeine (α= 19.1×10−5 [17.8, 20.5]). A one-way ANOVA with repeated measures did not 

detect a main effect of self-administered drug on Q0 (F[1.06, 7.42)=3.19; p>0.05); however, 

a posthoc Holm-Sidak test revealed Q0 for methylone (47.6 ± 3.4 infusions) was 

significantly different from that of saline (14.3 ± 2.3 infusions) (t=7.11; p<0.001).

Because self-administration of a unit dose of 1 mg/kg/inf methylone was lethal in 4 out of 

15 rats (Table 1), demand for this dose of methylone was not determined for all subjects and 

is therefore not included in Figure 2 or Table 2.

Methylone+caffeine mixtures—Demand curves for the self-administration of methylone 

alone (diamonds) as well as the 3:1 (upward triangles) and 10:1 (downward triangles) 

mixtures of methylone+caffeine are shown in Figure 2B. The rank order of reinforcing 

effectiveness for these drugs/drug mixtures was 3:1 methylone:caffeine (α=2.6×10−5 [2.3, 

2.8]) > methylone (α=4.2×10−5 [3.8, 4.7]) ≈ 10:1 methylone:caffeine (α=3.5×10−5 [3.1, 

4.0]).

Self-administration of the methylone+caffeine mixtures was associated with lethality (Table 

1). For the 1:1 mixture of methylone+caffeine (0.3 mg/kg/inf methylone + 0.89 mg/kg/inf 

caffeine), 3 out of 5 rats died. Thus, evaluations of demand for the 1:1 mixture were 

terminated and therefore are not included in Figure 2B. For the 3:1 mixture of methylone

+caffeine (0.45 mg/kg/inf methylone + 0.44 mg/kg/inf caffeine), 3 out of 12 rats died. 

Because demand for the 3:1 mixture of methylone+caffeine had already been assessed in all 

other rats before the third rat died, these data were included in Figure 2B.

MDPV+caffeine mixtures—Demand curves for the self-administration of MDPV alone 

(Xs) as well as mixtures of MDPV+ caffeine at ratios of 3:1 (upward triangles), and 10:1 

(downward triangles) are shown in Figure 2C. The 95% CIs surrounding the α values for all 

three of the drugs/drug mixtures shown in Figure 2C overlapped (Table 2), so all three were 

considered to be equally effective reinforcers.
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Although self-administration of MDPV alone (or a 10:1 mixture of MDPV+caffeine) was 

not lethal in any subjects, self-administration of the 3:1 mixture of MDPV+caffeine (0.038 

mg/kg/inf MDPV + 0.44 mg/kg/inf caffeine) was lethal in 1 out of 9 rats (Table 1).

DISCUSSION:

“Bath salts” preparations typically contain multiple psychoactive drugs including more than 

one synthetic cathinone or synthetic cathinones and caffeine. However, because most 

preclinical research on “bath salts” has focused on the effects of individual cathinone 

constituents relatively little is known about how the composition of these “bath salts” 

preparations impacts their abuse-related and toxic effects. The current study evaluated the 

reinforcing effects of three common “bath salts” constituents (i.e., MDPV, methylone, and 

caffeine) and used demand curve analyses to determine whether “bath salts” mixtures 

containing either methylone+caffeine, or MDPV+caffeine were more effective reinforcers 

than the synthetic cathinone alone (methylone and MDPV, respectively). The present study 

provides evidence that the composition of “bath salts” can significantly impact their 

reinforcing (and toxic) effects, with mixtures of methylone+caffeine functioning as more 

effective reinforcers, and mixtures of either methylone+caffeine or MDPV+caffeine 

resulting in more lethality than comparable unit doses of the synthetic cathinone alone.

Consistent with what has previously been reported (Creehan et al. 2015; Nguyen et al. 2017; 

Schindler et al. 2016; Vandewater et al. 2015; Watterson et al. 2012), acquisition of 

responding for methylone was gradual, with rats earning on average ~50 infusions of 0.32 

mg/kg methylone by the end of the 10-day acquisition period. This level of intake (~15 

mg/kg/session) is comparable to that reported by others (Watterson et al.2012; Creehan et al. 

2015; Nguyen et al. 2017; Vandewater et al. 2015), but greater than that reported by 

Schindler and colleagues (2016) for rats responding for a similar dose (0.3 mg/kg/inf) of 

methylone. Upon substitution of other doses of methylone, an inverted U-shaped dose-

response curve emerged for methylone self-administration, with a peak at 0.1 mg/kg/inf, and 

doses smaller than this maintaining responding at levels no different than saline. Although 

dose-response curves for methylone self-administration have been reported by others, these 

have tended to be either flat (Schindler et al. 2016), or only encompassed the ascending- 

(Watterson et al. 2012) or descending-limb; (Creehan et al. 2015; Vandewater et al. 2015).

Consistent with reports that have used PR schedules of reinforcement to quantify the relative 

reinforcing effectiveness of MDPV and methylone (e.g., Dolan et al. 2018; Gannon et al. 

2017a, b, 2018b; Watterson et al. 2012, 2014), demand analyses indicated that MDPV is a 

more effective reinforcer than methylone, which is more effective than caffeine. Moreover, 

when taken together with α values reported for other synthetic cathinones (e.g., alpha-

pyrrolidinopentiophenone [α-PVP], α-pyrrolidinopropiophenone [α-PPP], 3,4-

methylenedioxy-αpyrrolidinobutiophenone [MDPBP], 3,4-methylenedioxy-α-

pyrrolidinopropiophenone [MDPPP], 4-methyl-alphapyrrolidinopropiophenone [4-MePPP], 

and 4-methyl-N-ethylcathinone [4-MEC]; Huskinson et al. 2017; Gannon et al. 2018a), the 

α values reported in the present study for MDPV (α=1.2×10–5) and methylone (α=4.2×10–

5) are consistent with the notion that the reinforcing effects of synthetic cathinones exist on 

a continuum, with MDPV functioning as a highly effective reinforcer and methylone 
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functioning as a moderately effective reinforcer. Although caffeine was the least effective of 

the three “bath salts” constituents, the confidence intervals surrounding its α value (α = 19.1 

× 10–5 [17.8, 20.5]) do not overlap with those for saline (α = 22.6 × 10–5 [20.8, 24.4]) 

suggesting that caffeine functioned as a reinforcer in rats with a history of responding for 

synthetic cathinones, an effect that is consistent with our previous study in which caffeine 

maintained more responding than saline in cathinone-experienced rats responding under a 

PR schedule of reinforcement (Gannon et al. 2018b). Thus, albeit with very different levels 

of effectiveness, each of the “bath salts” constituents functioned as a reinforcer when 

administered alone.

We have previously reported supra-additive interactions between MDPV and caffeine with 

respect to the reinforcing potency of 3:1 mixtures of MDPV+caffeine in rats responding 

under a PR schedule of reinforcement (Gannon et al. 2018b). Because demand analyses 

provide a largely dose-independent measure for assessing the reinforcing effectiveness (e.g., 

demand) for drug reinforcers (Hursh and Silberberg 2008; Hursh and Winger 1995), these 

types of interactions (i.e., changes in potency) would not be expected to result in differences 

in demand for drug mixtures relative to the drug alone. Indeed, demand for both the 10:1 and 

3:1 mixtures of MDPV+caffeine were comparable to that of MDPV alone, consistent with a 

strictly additive interaction with respect to reinforcing effectiveness as reported previously 

(Gannon et al. 2018b). In addition, even though demand for MDPV was found to be 

significantly greater than demand for methylone (or caffeine), we have evidence from 

studies with other synthetic cathinones (e.g., α-PVP) that the current procedures are capable 

of detecting even greater levels of demand (i.e., smaller α value) (Gannon et al. 2018a). 

Thus, when taken together with our previous findings (Gannon et al. 2018b), the present data 

provide strong evidence that interactions between the reinforcing effects of MDPV and 

caffeine can result in “bath salts” mixtures that are more potent (ED50 values from PR dose-

response curves are smaller than predicted for an additive interaction; Gannon et al. 2018b), 

but not more effective, reinforcers than preparations containing MDPV alone.

Conversely, we have previously shown that mixtures of methylone and caffeine could 

function as more effective, but not more potent, reinforcers when evaluated under a PR 

schedule of reinforcement (Gannon et al. 2018b). In the current studies, demand for the 10:1 

methylone+caffeine mixture was not different than that of methylone alone, while demand 

for the 3:1 methylone+caffeine mixture was found to be greater than that for methylone 

alone. Not only are these findings consistent with the supra-additive interactions reported for 

rats responding for mixtures of methylone+caffeine under a PR schedule of reinforcement 

(Gannon et al. 2018b), but when considered together they provide strong and convergent 

evidence that “bath salts” mixtures containing methylone+caffeine can function as more 

effective reinforcers than preparations containing methylone alone.

Although the current studies were not designed to determine the mechanism(s) that 

contribute to the supraaddictive increases in reinforcing potency (MDPV+caffeine) or 

effectiveness (methylone+caffeine), these interactions are likely occurring at the 

postsynaptic receptor level. Indeed, adenosine receptors are thought to form heteromeric 

complexes with dopamine receptors where they serve to reduce binding affinities of 

dopamine receptor agonists and dampen dopamine signaling (e.g., Ferre 2016; Ferre et al. 
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2016). Thus, by antagonizing adenosine receptors, caffeine can disinhibit dopamine 

receptors, effectively increasing the potency of dopamine or dopamine receptor agonists to 

produce their behavioral effects. A caffeine-induced enhancement in the potency of 

dopamine provides a straightforward explanation for the supra-additive increases in 

reinforcing potency observed with mixtures of MDPV+caffeine, because the relative ratio of 

activity at DAT and SERT (i.e., DAT/SERT selectivity) is thought to be a primary 

determinant of the relative reinforcing effectiveness of stimulants (e.g., Lile et al. 2003; 

Roberts et al. 1999; Wee et al. 2005; Gannon et al. 2018a), and such an effect is also 

consistent with the supraadditive increases in reinforcing effectiveness, at least for drugs that 

have significant serotonergic activity, such as methylone (Baumann et al. 2013; Eshleman et 

al. 2013; Simmler et al. 2013). While the capacity of caffeine to selectively enhance 

dopaminergic (relative to serotoninergic) signaling would effectively increase the DAT/

SERT selectivity of methylone, and thereby its reinforcing effectiveness, it is also possible 

that the differential effects of caffeine (i.e., enhanced potency when mixed with MDPV, and 

enhanced effectiveness when mixed with methylone) are related to the fact that MDPV 

functions as a cocaine-like inhibitor, whereas methylone functions as an amphetamine-like 

substrate at monoamine transporters. Indeed, caffeine has been shown to potentiate the 

release of dopamine by drugs such as 3,4-methylenedioxymethamphetamine (Gorska and 

Golembiowska 2015), an effect that is thought to be mediated by antagonism of presynaptic 

adenosine A1 receptors (e.g., Cauli and Morelli, 2005). Although the functional 

consequences of such an interaction would be similar to that described above (i.e., a 

selective increase in dopaminergic relative to serotonergic signaling), it is possible that the 

combined effect is necessary to observe caffeine-induced increases in reinforcing 

effectiveness. Such conclusions are speculative, and further studies aimed at determining the 

precise mechanism(s) that underlie the interactions between synthetic cathinones and 

caffeine are clearly needed.

In addition to evidence suggesting that the reinforcing effects of “bath salts” mixtures can 

differ significantly from the reinforcing effects of the individual constituents, increased 

incidence of toxicity (e.g., lethality) have also been observed in rats that are allowed to self-

administer mixtures of multiple cathinones (MDPV+methylone) or cathinones and caffeine 

(MDPV+caffeine, or methylone+caffeine) under either FR (present study) or PR schedules 

of reinforcement (Gannon et al. 2018b). Importantly, even though this study was not 

designed to investigate the toxic/lethal effects of synthetic cathinones, or “bath salts” 

mixtures, post-hoc analyses of drug intake were used to provide insight into the factors that 

may have contributed to the observed lethality. For instance, although lethality was not 

associated with the self-administration of either MDPV, or caffeine alone, lethality was 

observed in 6 of the 23 rats that self-administered the 1 mg/kg/inf dose of methylone (2 

under FR5; 90 min sessions, and 4 under FR3; 120 min session), and these rats exhibited 

unusually high levels of intake (~2–4 fold) relative to rats in which this unit dose was self-

administered safely (~10 mg/kg/hr), suggesting that lethality resulted from an overdose of 

methylone rather than a differential sensitivity to the toxic effects of methylone. A similar 

trend was also observed in the 3 rats that died after self-administering a mixture of 3:1 

methylone+caffeine. Although it is impossible to rule out a contribution of relatively high 

levels of caffeine intake (~50 mg/kg/session), because the level of methylone intake (~50 
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mg/kg/session), and incidence of lethality (~25%) was comparable to that which was 

associated with lethality in the 1 mg/kg/inf methylone alone condition, it is likely that these 

instances of lethality were attributed to the effects of methylone alone. Conversely, although 

only a subset of rats (n=5) responded for the 1:1 mixture of methylone+caffeine, the 

incidence of lethality was disproportionately high (60%), despite the fact that the level of 

methylone intake (~25 mg/kg/session) was comparable to those observed in rats that safely 

selfadministered methylone, either alone, or in combination with caffeine. Moreover, 

because the average level of caffeine intake (~75 mg/kg/session) was smaller than the LD50 

for intravenous caffeine (105 mg/kg; Scott and Chen 1944), it seems likely that the lethality 

resulted from an interaction between the toxic effects of methylone and caffeine.

Interestingly, although the single death associated with the self-administration of the 3:1 

mixture of MDPV+caffeine was associated with extremely high levels of caffeine intake 

(135 mg/kg/session), this rat also earned ~5-fold more MDPV than all other rats, regardless 

of whether MDPV was administered alone, or in combination with caffeine. While this 

complicates interpretations, it should be noted that we have not previously observed lethality 

with MDPV self-administration (Gannon et al. 2017a, b, 2018b, d), despite some rats 

selfadministering ~3-fold more MDPV than was associated with lethality (or ~15-fold more 

than the non-lethal intakes) in the current study. Taken together with a previous report that 

experimenter-administered caffeine enhances the toxic effects of amphetamine (a 

methylone-like substrate) to a greater degree than those of cocaine (an MDPV-like inhibitor) 

(Derlet et al. 1992), it seems likely that this single incident resulted from the self-

administration of a lethal dose of caffeine, rather than the effects of MDPV, or an interaction 

between the toxic effects of MDPV and caffeine. Nevertheless, these high rates of lethality 

associated with the self-administration of “bath salts” mixtures containing caffeine suggest 

that the interactions between cathinones and caffeine are not limited to their abuse-related 

effects, and clearly highlight the need for future research on the toxic effects of synthetic 

cathinones, and how these effects are modified when they are administered with common 

“bath salts” constituents, such as caffeine.

The popularity of synthetic cathinones has become a significant problem worldwide due to 

their use often being linked with high levels of abuse and toxicity. Although it has been 

established that some synthetic cathinones commonly detected in these preparations, such as 

MDPV, are more effective than the illicit stimulant drugs of abuse cocaine and 

methamphetamine when self-administered alone (Gannon et al. 2017a), “bath salts” 

preparations frequently contain more than one psychoactive constituent. The present study 

confirms and extends our previous work by using behavioral economic procedures to 

directly compare the reinforcing effects of “bath salts” mixtures to individual constituents. 

There were 4 main findings: (1) responding for methylone is readily acquired in most rats 

and maintains behavior across a range of doses, which results in an inverted U-shaped dose-

response curve, (2) MDPV is a more effective reinforcer than methylone which is more 

effective than caffeine; (3) “bath salts” mixtures containing methylone and caffeine can 

function as more effective reinforcers than methylone alone; and (4) selfadministering “bath 

salts” mixtures containing either MDPV+caffeine or methylone+caffeine appeared to be 

more toxic (lethal) than self-administering either MDPV, or methylone alone. Although 

demand for most of the mixtures assessed in the present study did not differ from the 
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synthetic cathinone alone, these findings indicate that behavioral economic procedures can 

be used to detect supra-additive interactions between the reinforcing effects of two drugs 

that function as reinforcers in their own right (i.e., methylone and caffeine). Together with 

our previous work, these studies provide strong evidence that the composition of “bath salts” 

preparations can significantly impact their abuse-related and toxic effects, and that these 

interactions between “bath salts” constituents likely contributes to the high levels of abuse 

and toxicity often reported for “bath salts” users. Given that “bath salts” preparations are 

often mixtures of cathinone and non-cathinone constituents, it will be important for future 

studies to continue to investigate interactions among binary and higher order drug “bath 

salts” mixtures.
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Abbreviations:

NPSs new psychoactive substances

α-PVP alpha-pyrrolidinopentiophenone

α-PPP α-pyrrolidinopropiophenone

MDPV 3,4-methylenedioxypyrovalerone

MDPBP 3,4-methylenedioxy-αpyrrolidinobutiophenone

MDPPP 3,4-methylenedioxy-α-pyrrolidinopropiophenone

4-MePPP 4-methyl-alphapyrrolidinopropiophenone

4-MEC 4-methyl-N-ethylcathinone

DAT dopamine transporter

NET norepinephrine transporter

SERT serotonin transporter

PR progressive ratio

FR fixed ratio

TO timeout

SEM standard error of the mean

CIs confidence intervals
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Figure 1: 
Methylone self-administration in male Sprague-Dawley rats. (A) Mean±SEM of the total 

responses emitted on the active (filled symbols) or inactive (Xs) lever during the active 

portion of the 90-minute session (n=42 rats). (B) Cumulative percent of rats to acquire self-

administration of 0.32 mg/kg/infusion methylone across the 10-day acquisition period. 

Abscissa: numbers refer to consecutive days during the acquisition period. (C) Dose-

response curve for methylone self-administration obtained in rats (n=21) under the FR5 

schedule of reinforcement. Abscissa: SAL represents infusions of saline, while the numbers 

refer to dose of methylone available during each session, expressed as mg/kg/inf on a log 

scale. Ordinate: Mean±SEM of the total infusions earned during the 90-minute session.
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Figure 2: 
Demand curve analyses of self-administration data obtained during 2-hr sessions in which 

the FR response requirement was increased across sessions. Abscissa: standardized price of 

each drug presented on a log scale. Left ordinate: proportional consumption expressed on a 

log scale. Note: the data presented are from only the rats (n=8) that responded for all of the 
drugs/drug mixtures shown.
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Table 1:

Intake and lethality data for all of the drugs/drug mixtures evaluated in the present study.

Constituent dose(s) (mg/kg/inf) Lethality Mean non-lethal intake 
(mg/kg ± SEM)

Mean lethal intake 
(mg/kg ± SEM)

Drug 1 Drug 2 n / total % lethality Drug 1 Drug 2 Drug 1 Drug 2

Dose-Response Curve

FR5:TO 5-sec, 90 min 
session

methylone

0.01 0/22 0 0.1 ± 0.0

0.032 --- 0/23 0 0.5 ± 0.1 --- --- ---

0.1 --- 0/23 0 6.2 ± 0.8 --- --- ---

0.32 --- 0/23 0 13.0 ± 1.1 --- --- ---

1 --- 2/23 9 15.3 ± 0.8 --- 65 ± 6.0 ---

Demand Curves

FR3:TO 5-sec, 120 min 
session

methylone

0.32 0/19 0 16.9 ± 1.5

1 --- 4/15 26.7 23.2 ± 1.5 --- 47.8 ± 8.4 ---

MDPV

0.032 --- 0/9 0 2.3 ± 0.8 --- --- ---

caffeine

0.32 --- 0/9 0 7.6 ± 1.1 --- --- ---

methylone caffeine

10:1 methylone:caffeine 0.54 0.16 0/12 0 17.1 ± 1.2 5.0 ± 0.4

3:1 methylone:caffeine 0.45 0.44 3/12 25 17.5 ± 1.5 17.2 ± 1.4 48.6 ± 4.5 48.0 ± 4.5

1:1 methylone:caffeine 0.30 0.89 3/5 60 15.6 ± 1.1 46.3 ± 3.3 24.8 ± 3.1 73.5 ± 9.2

MDPV caffeine

10:1 MDPV:caffeine 0.046 0.16 0/8 0 2.3 ± 0.5 8.1 ± 1.7

3:1 MDPV:caffeine 0.038 0.44 1/9 11.1 1.8 ± 0.3 21.0 ± 3.1 11.6 135.5
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Table 2:

Data obtained from the demand curve analyses (n=8).

Drug/Drug Mixture α (95% CIs) Q0 (±SEM) R2

saline 22.6 × 10−5 (20.8, 24.4) 14.3 (2.3) 0.96

caffeine 19.1 × 10−5 (17.8, 20.5)* 21.6 (3.3) 0.93

methylone 4.2 × 10−5 (3.8, 4.7)* 47.6 (3.4)* 0.75

MDPV 1.2 × 10−5 (0.9, 1.4)* 74.7 (29.3) 0.59

10:1 methylone:caffeine 3.5 × 10−5 (3.1, 4.0)* 30.1 (3.0)# 0.79

3:1 methylone:caffeine 2.6 × 10−5 (2.3, 2.8)*,# 37.5 (3.3) 0.86

10:1 MDPV:caffeine 1.5 × 10−5 (1.3, 1.8)* 50.3 (10.7) 0.70

3:1 MDPV:caffeine 1.3 × 10−5 (1.1, 1.6)* 47.4 (7.0) 0.59

*
indicates that value for the drug/drug mixture is significantly different from saline.

#
indicates that value for the mixture is significantly different from the cathinone alone.
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