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BACKGROUND AND PURPOSE
Methcathinone (MCAT) is a potent monoamine releaser and parent compound to emerging drugs of abuse including
mephedrone (4-CH3 MCAT), the para-methyl analogue of MCAT. This study examined quantitative structure–activity
relationships (QSAR) for MCAT and six para-substituted MCAT analogues on (a) in vitro potency to promote monoamine
release via dopamine and serotonin transporters (DAT and SERT, respectively), and (b) in vivo modulation of intracranial
self-stimulation (ICSS), a behavioural procedure used to evaluate abuse potential. Neurochemical and behavioural effects were
correlated with steric (Es), electronic (σp) and lipophilic (πp) parameters of the para substituents.

EXPERIMENTAL APPROACH
For neurochemical studies, drug effects on monoamine release through DAT and SERT were evaluated in rat brain
synaptosomes. For behavioural studies, drug effects were tested in male Sprague-Dawley rats implanted with electrodes
targeting the medial forebrain bundle and trained to lever-press for electrical brain stimulation.

KEY RESULTS
MCAT and all six para-substituted analogues increased monoamine release via DAT and SERT and dose- and time-dependently
modulated ICSS. In vitro selectivity for DAT versus SERT correlated with in vivo efficacy to produce abuse-related ICSS
facilitation. In addition, the Es values of the para substituents correlated with both selectivity for DAT versus SERT and
magnitude of ICSS facilitation.

CONCLUSIONS AND IMPLICATIONS
Selectivity for DAT versus SERT in vitro is a key determinant of abuse-related ICSS facilitation by these MCAT analogues, and
steric aspects of the para substituent of the MCAT scaffold (indicated by Es) are key determinants of this selectivity.

Abbreviations
4-CH3 MCAT, mephedrone; 4-F MCAT, flephedrone; 4-OCH3 MCAT, methedrone; 5-HT, serotonin; ICSS, intracranial
self-stimulation; MCAT, methcathinone; QSAR, quantitative structure–activity relationship
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Introduction

Methcathinone (MCAT), the β-keto analogue of metham-
phetamine, is the parent compound of an emerging class of
abused designer drugs (Glennon et al., 1987; Spiller et al.,
2011; De Felice et al., 2014). Like its amphetamine analogue,
MCAT functions as a monoamine releaser that selectively
increases release of dopamine over that of serotonin (5-HT;
Glennon et al., 1987; Cozzi et al., 1999; 2013; Baumann et al.,
2012). Similarly, in behavioural studies, MCAT produces loco-
motor activation, stimulus generalization to amphetamine
and methamphetamine in assays of drug discrimination, and
abuse-related behavioural effects in assays of intracranial self-
stimulation (ICSS) and drug self-administration (Kaminski
and Griffiths, 1994; Young and Glennon, 1998; Cozzi et al.,
2013; Bonano et al., 2014). Because of its amphetamine-like
effects and its resultant high abuse potential, MCAT was
assigned Schedule I status by the US Drug Enforcement
Administration (DEA) in 1993 and Class B status under the
UK Misuse of Drugs Act in 1998.

Mephedrone (4-CH3 MCAT) is the para-methyl analogue
of MCAT and was recently popularized in Europe and the
United States as one of the primary components of bath salts
(Spiller et al., 2011; Vardakou et al., 2011; Zuba and Byrska,
2013; Hall et al., 2014). Because of its rapid rise to interna-
tional notoriety as a designer drug of abuse, as well as its
cocaine- and methamphetamine-like discriminative stimulus
effects, 4-CH3 MCAT was added to the list of controlled drugs
in both the United States and the United Kingdom in 2010–
2011 (Gatch et al., 2013). However, despite its structural simi-
larity to MCAT, only differing by substitution of a methyl
group for the hydrogen at the para position on the aromatic
ring of the MCAT scaffold, 4-CH3 MCAT produces distinct
neurochemical and behavioural effects (Bonano et al., 2014;
De Felice et al., 2014). For example, in comparison with
MCAT, which has high in vitro selectivity to increase dopa-
mine rather than 5-HT release, 4-CH3 MCAT has lower
potency to release dopamine, higher potency to release 5-HT,
and is less effective than MCAT in producing abuse-related
behavioural effects (Baumann et al., 2012; Bonano et al.,
2014). Methedrone (4-OCH3 MCAT) and flephedrone (4-F
MCAT) are two other para-substituted MCAT analogues that
have been identified by US Drug Courts in toxicology screens
or in the international drug market (Prosser and Nelson,
2012; Leffler et al., 2014), and 4-F MCAT was recently

assigned temporary Schedule I status by the DEA. With these
compounds too, the identity of the para substituent appears
to influence pharmacological activity. For example, 4-F
MCAT has higher potency to release dopamine than 5-HT
and produces robust locomotor activation in mice, whereas
4-OCH3 MCAT has higher potency to release 5-HT than dopa-
mine and produces much weaker locomotor stimulation in
mice (Marusich et al., 2012; Eshleman et al., 2013; Simmler
et al., 2014). Taken together, this evidence suggests
that research on structure–activity relationships of para-
substituted MCAT analogues might be useful both to predict
new drugs of abuse and to identify key structural features that
contribute to abuse-related neurochemical and behavioural
effects.

Accordingly, the goal of this study was to use quantitative
structure–activity relationship (QSAR) analysis (Glennon and
Young, 2011) to evaluate molecular determinants of abuse-
related neurochemical and behavioural effects of MCAT and
six para-substituted MCAT analogues. Figure 1 shows the
chemical structure of the MCAT scaffold, which served as
the base molecule for all analogues investigated in this study.
The para substituent on the benzene ring of the MCAT scaf-
fold, R, was manipulated to include substituents that varied
systematically along three physicochemical dimensions
[steric (Es), electronic (σp), and lipophilic (πp) ], and Table 1
shows quantitative measures for each substituent on each
parameter. Taft’s steric parameter Es was one of the first steric
parameters employed in QSAR analyses and was derived by
measuring rates of hydrolysis of various esters (Taft, 1952;
1953). Hydrolysis rates are dependent upon the contribution
of both steric strain and steric hindrance; thus, this integra-
tion of steric parameters into a single metric (Es) provides a
simple and useful tool for conducting preliminary QSAR
analyses. Large Es values indicate low functional steric bulk of

Tables of Links

TARGETS

Transporters

DAT, dopamine transporter, SLC6A3

SERT, 5-HT transporter, SLC6A4

LIGANDS

Serotonin (5-HT) Fenfluramine

Amphetamine Methamphetamine

Chloroamphetamine MPP+, 1-methyl-4-phenylpyridinium

Dopamine Reserpine

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Figure 1
Chemical structure of MCAT scaffold. R = site of para substituent,
which was systematically varied to generate MCAT analogues.
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the substituent, and increasingly negative Es values indicate
progressively greater magnitudes of steric bulk. The lipophilic
value πp provides a measure of the degree to which the addi-
tion of a given substituent alters partitioning of the com-
pound between aqueous and organic solvents. Thus, πp

signifies the relative rate at which a compound penetrates
lipid membranes compared with the unsubstituted parent
compound (Cammarata and Rogers, 1971). Finally, the elec-
tronic value σp provides a measure of the change in free
energy that accompanies formation of complexes between
ligands (e.g. drugs) and their target proteins (e.g. monoamine
transporters) (Yoshida et al., 2012). Substituents with positive
σp values are electron-withdrawing, whereas substituents
with negative σp values are electron-donating, and the abso-
lute value of σp signifies the degree to which the substituent
produces an electronic effect.

The effects of each drug were examined on two experi-
mental endpoints: (i) in vivo modulation of ICSS in rats, and
(ii) in vitro potency to increase monoamine release through
dopamine and 5-HT transporters (DAT and SERT, respec-
tively) in rat brain synaptosomes. ICSS is one type of behav-
ioural procedure that can be used to study abuse potential of
monoamine releasers and other classes of drugs (Kornetsky
and Esposito, 1979; Wise, 1996; Negus and Miller, 2014). In
ICSS, subjects are trained to lever press for pulses of brain
stimulation delivered via microelectrodes implanted in
reward-related brain regions, such as the medial forebrain
bundle. Many drugs of abuse increase (‘facilitate’) low ICSS
rates maintained by low frequencies or intensities of brain
stimulation; thus, ICSS facilitation is often interpreted as an
abuse-related drug effect. ICSS results show substantial con-
gruence with other preclinical measures of abuse potential,
such as drug self-administration and conditioned place pref-
erence (Vlachou and Markou, 2011; Negus and Miller, 2014),
and ICSS also has the ability to discriminate between abuse-
related and abuse-limiting drug effects in a single procedure.
In vitro measures of drug-induced monoamine release were
determined as a correlate to behavioural data because previ-
ous results with a different set of monoamine releasers

indicated a correlation between in vitro selectivity for DAT
versus SERT and in vivo efficacy to produce an abuse-related
facilitation of ICSS in rats (Bauer et al., 2013). QSAR analysis
was accomplished by correlating measures for each physico-
chemical parameter with data from neurochemical and
behavioural studies. We predicted that in vitro selectivity for
DAT over SERT would correlate with maximal ICSS facilita-
tion, and that at least one of the physicochemical parameters
would correlate with both DAT selectivity and maximal ICSS
facilitation. Our results supported this hypothesis and sug-
gested that the ‘steric bulk’ of the para substituent, as quan-
tified by Taft’s steric parameter (Es), was a key determinant of
abuse-related neurochemical and behavioural effects of these
para-substituted MCAT analogues.

Methods

In vitro release assays
Animals. All animal care was carried out in facilities accred-
ited by the Association for the Assessment and Accreditation
of Laboratory Animal Care, and experimental procedures
were carried out in accordance with the Institutional Animal
Care and Use Committee and the National Institutes of
Health guidelines on care and use of animal subjects in
research (National Research Council, 2011). Studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). A total of 15 rats were used
in the in vitro experiments described here and another 33 rats
were used in the ICSS experiments described in the succeed-
ing text. Male Sprague-Dawley rats (Charles River, Wilming-
ton, MA, USA) weighing 250–350 g were housed three per
cage with free access to food and water and maintained on a
12 h light/dark cycle with lights on from 07:00 to 19:00 h.

Procedure. Rats were killed by CO2 narcosis and brains were
processed to yield synaptosomes as previously described

Table 1
Physicochemical parameters, in vitro release activities, and in vivo behavioural ICSS effects of MCAT and its para-substituted analogues

Drug name

Physicochemical parametera In vitro release EC50
b

Maximal ICSS
facilitationdEs σp πp DAT (nM) SERT (nM) DAT selectivityc

MCAT 1.24 0.00 0.00 12.5 ± 1.1 3,860 ± 520 309 191.9

4-F MCAT 0.78 0.06 0.14 83.4 ± 6.0 1,290 ± 220 15.4 156.3

4-OCH3 MCAT 0.69 −0.27 −0.02 506 ± 62 120 ± 18 0.24 110.9

4-Cl MCAT 0.27 0.23 0.71 42.2 ± 5.2 144 ± 22 3.40 114.9

4-Br MCAT 0.08 0.23 0.86 59.4 ± 5.1 60.2 ± 6.7 1.01 118.0

4-CH3 MCAT 0.00 −0.17 0.56 49.1 ± 8.3 118 ± 26 2.41 102.5

4-CF3 MCAT −1.16 0.54 0.88 2,700 ± 300 190 ± 30 0.07 90.9

aPhysicochemical parameters of para substituent (functional steric bulk, Es; electron-withdrawing capacity, σp; lipophilicity, πp) as reported in
Wolff (1980). bEC50 values derived from concentration–effect curves in Figure 2 or published previously for 4-CH3 MCAT (Baumann et al.,
2012) and 4-CF3 MCAT (Cozzi et al., 2013). cDAT selectivity calculated as SERT EC50 ÷ DAT EC50. dMaximal ICSS facilitation expressed as
maximum increase in % baseline stimulations per component from Figure 3 or published previously for MCAT and 4-CH3 MCAT (Bonano
et al., 2014).
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(Rothman et al., 2003). For release assays, 9 nM [3H]1-methyl-
4-phenylpyridinium ( [3H]MPP+) was used as the radiola-
belled substrate for DAT, whereas 5 nM [3H]5-HT was used as
a substrate for SERT. All buffers used in the release assay
methods contained 1 μM reserpine to block vesicular uptake
of substrates. The selectivity of release assays was optimized
for a single transporter by including unlabelled blockers to
prevent the uptake of [3H]MPP+ or [3H]5-HT by competing
transporters. Synaptosomes were preloaded with radiola-
belled substrate in Krebs-phosphate buffer for 1 h (steady
state). Release assays were initiated by adding 850 μL of
preloaded synaptosomes to 150 μL of test drug. Release was
terminated by vacuum filtration, and retained radioactivity
was quantified by liquid scintillation counting. Effects of test
drug concentrations were expressed as percentage of
maximum release, with maximum release (i.e. 100% Emax) was
defined as the release produced by 10 nM tyramine for DAT
and NET assay conditions, and 100 nM tyramine for SERT
assay conditions. These doses of tyramine evoke the efflux of
all ‘releasable’ tritium from synaptosomes.

Earlier studies have used these procedures to evaluate
MCAT, 4-CH3 MCAT, and 4-CF3 MCAT. For this study, MCAT
effects were redetermined, and effects of the additional ana-
logues 4-F MCAT, 4-OCH3 MCAT, 4-Cl MCAT and 4-Br MCAT
were also determined. Correlational analysis described later
used data from the present study and data for 4-CH3 MCAT
and 4-CF3 MCAT from earlier studies (Baumann et al., 2012;
Cozzi et al., 2013).

Data analysis. Statistical analyses were carried out using
GraphPad Prism (v. 6.0; GraphPad Scientific, San Diego, CA,
USA). EC50 values for stimulation of release were calculated
based on non-linear regression analysis. Selectivity for DAT
over SERT was also calculated as SERT EC50 ÷ DAT EC50, such
that larger ratios indicate greater selectivity for DAT.

ICSS
Preparation of animals. Male Sprague-Dawley rats (Harlan,
Frederick, MD, USA) weighing at least 300 g at the time of
surgery were individually housed and maintained on a 12 h
light/dark cycle with lights on from 06:00 to 18:00 h. Rats
had free access to food and water except during testing.

Rats were anaesthetized with isoflurane (3% in oxygen;
Webster Veterinary, Phoenix, AZ, USA) until unresponsive to
toe pinch, prior to implantation of stainless steel electrodes
(Plastics One, Roanoke, VA, USA). The cathode, which was
0.25 mm in diameter and covered with polyamide insulation
except at the flattened tip, was stereotaxically implanted into
the left medial forebrain bundle at the level of the lateral
hypothalamus (2.8 mm posterior to bregma, 1.7 mm lateral
to the midsagittal suture, and 8.8 mm ventral to the skull).
Three screws were placed in the skull, and the uninsulated
anode was wrapped around one of the skull screws to serve as
the ground. Dental acrylic secured the skull screws and elec-
trode. Ketoprofen (5 mg kg−1) was used for post-operative
analgesia immediately and 24 h after surgery. Animals were
allowed at least 7 recovery days prior to commencing ICSS
training. Experiments were conducted in sound-attenuating
boxes that contained modular acrylic and metal test cham-
bers equipped with a response lever, three stimulation lights

positioned above the lever, a 2 W house light, and an ICSS
stimulator (Med Associates, St. Albans, VT, USA). Electrodes
were connected to the stimulator via a swivel commutator
(Model SL2C, Plastics One, Roanoke, VA, USA). Operation of
equipment and data collection were controlled by Med-PC IV
computer software (Med Associates).

Training. Rats were trained and tested under a fixed-ratio 1
(FR 1) schedule of brain stimulation using a behavioural
procedure identical to that previously described (Bonano
et al., 2014). During behavioural sessions, each lever press
resulted in the delivery of a 0.5 s train of square wave
cathodal pulses (0.1 ms pulse duration). Brain stimulation
was accompanied by illumination of the stimulus lights over
the lever, and additional responding within the 0.5 s stimu-
lation period did not earn additional stimulation. Stimula-
tion intensity was set at 150 μA and stimulation frequency
was held constant at 126 Hz during initial 60 min training
sessions. Stimulation intensity was then individually
adjusted for each rat to the lowest value that sustained a high
rate of reinforcement (>30 stimulations per min). This inten-
sity (100–290 μA across rats) was then held constant for the
remainder of the study, and frequency manipulations were
introduced. Sessions involving frequency manipulations con-
sisted of three sequential 10 min components. During each
component, a descending series of 10 frequencies (2.2–
1.75 log Hz in 0.05 log increments) was presented, with each
frequency available for a 1 min trial. Each frequency trial
began with a 10 s time out, during which responding had no
scheduled consequences, and five non-contingent ‘priming’
stimulations were delivered at the frequency of stimulation
that would be available during that trial. This time out was
then followed by a 50 s response period, during which
responding produced electrical stimulation under a FR 1
schedule as described earlier. Training continued until rats
reliably responded for only the first three to six frequency
trials of each component over a period of at least 3 consecu-
tive training days.

Testing. The MCAT analogues tested in this study were 4-F
MCAT, 4-OCH3 MCAT, 4-Cl MCAT, 4-Br MCAT and 4-CF3

MCAT. Two additional compounds, MCAT and 4-CH3 MCAT,
were studied previously (Bonano et al., 2014), and data from
those studies were included in correlational analyses
described later. Each drug was studied in dose–effect and
time–course procedures. In dose–effect studies, a 1.0–1.5 log
unit range of doses was tested for each drug with the goal of
testing a dose range from a low dose that produced little or no
effect to a high dose that produced maximal facilitation of
ICSS. For these studies, test sessions consisted of three
sequential ‘baseline’ components followed first by a 30 min
time out period and then by three sequential ‘test’ compo-
nents. A single dose of test drug was administered i.p. at the
beginning of the time out period. In time–course studies, the
highest dose of each compound was tested. Test sessions
consisted of three consecutive baseline components followed
by immediate drug injection and then by pairs of consecutive
test components beginning 10, 30, 100 and 300 min after
drug injection. Test sessions were completed on Tuesdays and
Fridays, and three-component training sessions were con-
ducted on all other weekdays. The order of testing with
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vehicle and drug doses was varied across subjects using a
Latin-square design, and experiments with any single com-
pound were completed prior to beginning tests with another
compound. Furthermore, tests with different drugs in a single
rat were separated by at least 1 week, and a saline vehicle test
session was conducted during this period to ensure that
injections or drug exposures did not alter individual ICSS
baselines.

Data analysis. ICSS data were analysed as described previ-
ously (Bauer et al., 2013; Negus and Miller, 2014). The
primary dependent variable in this ICSS procedure was the
reinforcement rate in stimulations per minute during each
frequency trial. To normalize these data, raw reinforcement
rates from each trial in each rat were converted to percentage
of maximum control rate (%MCR), with the MCR defined as
the mean of the maximal rates observed during the second
and third baseline components for any given session in any
given rat. Thus, %MCR values for each trial were calculated
as %MCR = (reinforcement rate during a frequency trial ÷
maximum control rate) × 100. For each experimental
manipulation, data from all test components for each dose or
time point were averaged first within each rat and then across
rats to yield mean test curves for each manipulation. Results
from test sessions were compared by repeated measures two-
way ANOVA, with ICSS frequency as one factor and dose or
time as the second factor. A significant ANOVA was followed by
the Holm–Sidak post hoc test with the criterion for signifi-
cance set at P < 0.05.

As a summary measure of drug effects on ICSS, the total
number of stimulations delivered per component across all
10 frequency trials was also calculated for each dose and time
point. Test data were normalized to individual baseline data
using the equation % baseline total stimulations per compo-
nent = (mean total stimulations per test component ÷ mean
total stimulations per baseline component) × 100. Data were
then averaged across rats in each experimental condition.

Correlational analysis
Correlations were evaluated between in vitro and in vivo drug
effects using linear regression and a Pearson correlation test as
described previously for a different set of monoamine releas-
ers (Bauer et al., 2013). Specifically, in vitro selectivity to
increase DAT- versus SERT-mediated release was compared
with maximal in vivo facilitation of ICSS (defined as the
maximum increase in percentage baseline total stimulations
per component produced by any dose of a given drug). Cor-
relational analysis was also used to assess QSAR between
physicochemical features and the in vitro and in vivo effects of
each drug (Glennon and Young, 2011). Specifically, steric (Es),
electronic (σp) and lipophilic (πp) constants of para substitu-
ents on the MCAT scaffold (Wolff, 1980) were compared with
in vitro potency for DAT- and SERT-mediated release, in vitro
DAT versus SERT selectivity, and maximal in vivo facilitation
of ICSS. The measure used to represent steric bulk of para
substituents in this study was Taft’s steric parameter, Es,
which was developed to reflect the steric influence of sub-
stituents on the rate of hydrolysis; thus, Taft’s steric constant
represents a functional measure of steric bulk. Correlations
and statistical analyses were carried out using Prism 6.0

(GraphPad Scientific, San Diego, CA, USA), and correlations
were considered statistically significant if P < 0.05.

Materials. This study examined effects of MCAT and six ana-
logues with different substitutions at the para, or 4- position
on the phenyl ring. For MCAT, the para substituent is hydro-
gen, and for the purposes of this study, the MCAT analogues
are designated using the nomenclature ‘4-R MCAT,’ with ‘R’
being the substitution for hydrogen at the para position. In
some cases, these compounds also have other generic names
or other chemical names based on the abbreviation ‘MAP’
(for methylaminopropiophenone, the chemical name for
MCAT), and all compounds were synthesized as their racemic
HCl salts using previously published procedures. The alterna-
tive names and published syntheses for the compounds
studied are as follows: MCAT (Findlay et al., 1981), 4-F MCAT
(flephedrone; Archer, 2009), 4-OCH3 (methedrone; Lespagnol
and Hallot, 1954), 4-Cl MCAT (Trepanier and Sprancmanis,
1964), 4-Br MCAT (4-BMAP; Foley and Cozzi, 2003), 4-CH3

MCAT (mephedrone; McDermott et al., 2011) and 4-CF3

MCAT (4-TFMAP; Cozzi et al., 2013). All compounds were
dissolved in sterile saline for i.p. injection. [3H]5-HT (specific
activity = 30 Ci mmol−1) was purchased from Perkin
Elmer (Shelton, CT, USA). [3H]MPP+ (specific activity =
85 Ci mmol−1) was purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA). All other chemicals and
reagents were acquired from Sigma-Aldrich (St. Louis, MO,
USA).

Results

In vitro monoamine release mediated by
DAT and SERT
All seven compounds considered in this study produced
concentration-dependent increases in DAT-mediated
[3H]MPP+ release and SERT-mediated [3H]5-HT release from
rat brain synaptosomes. Data for 4-CH3 MCAT and 4-CF3

MCAT have been published previously (Baumann et al., 2012;
Cozzi et al., 2013), and Figure 2 shows data for the other five
compounds. Table 1 shows EC50 values for each compound to
increase DAT- and SERT-mediated monoamine release. Selec-
tivity for inhibition of DAT over SERT is also reported for each
compound. This selectivity varied across a range of more than
4000-fold, with MCAT functioning as the most DAT-selective
compound and 4-CF3 MCAT functioning as the most SERT-
selective compound.

ICSS
Electrical brain stimulation maintained a frequency-
dependent increase in ICSS rates under baseline conditions.
Across the 33 rats used in these studies, the average ± SEM
baseline MCR was 61 ± 2 stimulations per trial, and the mean
± SEM number of total baseline stimulations across all fre-
quencies was 291 ± 14 stimulations per component.

All seven compounds considered in this study produced
dose-dependent changes in ICSS. Data for MCAT and 4-CH3

MCAT have been reported previously (Bonano et al., 2014).
Figure 3 shows dose–effect data for the other five compounds.
Two-way ANOVA indicated significant main effects of
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frequency and dose and significant frequency × dose interac-
tions for all drugs. Only the interaction effects are reported
below for each drug. 4-F MCAT [F(36,144) = 10.54, P < 0.0002]
produced dose-dependent facilitation of low ICSS rates main-
tained by low brain stimulation frequencies with no evidence
at these doses and pretreatment times of depression of high
ICSS rates maintained by high brain stimulation frequencies.
4-OCH3 MCAT [F(36,180) = 5.55, P < 0.0001], 4-Cl MCAT
[F(36,180) = 7.31, P < 0.0001], and 4-Br MCAT [F(36,180) =
5.30, P < 0.0001] also produced facilitation of low ICSS rates
maintained by low stimulation frequencies; however, higher
doses of these compounds also significantly decreased high
ICSS rates. Lastly, 4-CF3 MCAT [F(27,135) = 1.69, P = 0.027]
produced exclusive depression of high ICSS rates maintained
by high brain stimulation frequencies.

Figure 4 shows the time course of effects produced by the
highest tested dose of each compound. Two-way ANOVA indi-
cated significant main effects of frequency and time and
significant frequency × time interactions for all drugs, and
only the interaction effects are reported later for each drug.
4-F MCAT {3.2 mg·kg−1; [F(36,144) = 5.28, P < 0.0001] } pro-
duced facilitation of ICSS within 10 min after administration,
and significant ICSS rate-increasing effects were no longer
apparent by 300 min. 4-OCH3 MCAT {32 mg kg−1; [F(36,144)
= 8.34, P < 0.0001] } produced only depression of ICSS after

10 min, but both rate-increasing and rate-decreasing effects
were apparent after 30 and 100 min. 4-Cl MCAT {10 mg kg−1;
[F(36,180) = 7.10, P < 0.0001] } and 4-Br MCAT {10 mg kg−1;
[F(45,225) = 4.25, P < 0.0001] } produced rate-decreasing
effects that peaked after 10 min and were still significant after
300 min. Rate-increasing effects were apparent only 300 min
after administration of this high dose of 4-Cl MCAT and at no
time after 4-Br MCAT. 4-CF3 MCAT {10 mg kg−1; [F(36,180) =
1.96, P = 0.002] } produced exclusive depression of ICSS from
10 to 100 min, and these effects were no longer apparent after
300 min.

Correlational analysis
Figure 5 shows that in vitro selectivity for DAT- versus SERT-
mediated release correlated with in vivo efficacy to facilitate
ICSS (Figure 5A). Figure 5, together with Table 2, also shows
results of QSAR analysis. Significant correlations were found
between steric bulk (Es) and both in vitro selectivity for DAT
versus SERT (Figure 5B) and in vivo efficacy to facilitate ICSS
(Figure 5C). For both of these QSAR correlations, the most
striking outlier was 4-OCH3 MCAT, which had lower DAT
selectivity and produced weaker ICSS facilitation than would
have been predicted based on the correlation with Es. There
was no significant correlation between steric bulk and in vitro
potency at either DAT or SERT individually, and lipophilicity
(πp) and electronic (σp) parameters did not correlate signifi-
cantly with any in vitro or in vivo endpoint (Table 2).

Discussion and conclusions

This study compared in vitro neurochemical and in vivo
behavioural effects produced by MCAT and six para-
substituted analogues. There were three main findings. First,
all seven compounds functioned as substrates for both DAT
and SERT, and selectivity for DAT versus SERT varied >4000-
fold across compounds. Second, all drugs dose-dependently
altered ICSS, and efficacy to produce an abuse-related facili-
tation of ICSS also varied across compounds. In agreement
with a previous study using a different set of compounds
(Bauer et al., 2013), in vitro selectivity for DAT versus SERT
correlated with in vivo efficacy to facilitate ICSS. Finally, QSAR
analysis identified a significant correlation between the steric
parameter (Es) of the para substituents and both in vitro DAT
versus SERT selectivity and in vivo facilitation of ICSS. These
results suggest that steric bulk of the para substituent of the
MCAT scaffold is a key determinant of both in vitro selectivity
for DAT versus SERT and in vivo expression of abuse-related
behavioural effects in an ICSS procedure.

Drug effects on in vitro monoamine release
The present results confirm and extend previous research
showing that MCAT and many of its analogues release mono-
amines through DAT and SERT but differ in their selectivity
for DAT versus SERT. Thus, results with MCAT in this study
were similar to results reported previously using the same in
vitro procedures with rat brain homogenates (DAT EC50 = 20 ±
3 nM; SERT EC50 = 4 ± 1 μM; selectivity for DAT over
SERT = 400; Cozzi et al., 2013). Results here are also consistent
with a previous study using HEK cells expressing human

Figure 2
Effects of test drugs on DAT- and SERT-mediated monoamine release
in rat brain synaptosomes. Abscissae: log concentration of drug
(molar). Ordinates: percentage of maximum release. All points show
mean ± SD for n = 3 separate experiments. EC50 values shown in
Table 1 were derived from these concentration–effect curves.
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Figure 3
Effects of test drugs on ICSS in rats. Left panels show drug effects on full ICSS frequency–rate curves. Abscissae: frequency of electrical brain
stimulation in log Hz. Ordinates: percentage of maximum control reinforcement rate (% MCR). Drug doses are indicated in units of mg kg−1. Filled
symbols represent frequencies at which reinforcement rates were statistically different from vehicle rates as determined by two-way ANOVA followed
by Holm-Sidak post hoc test, P < 0.05. Right panels show summary ICSS data for drug effects across all frequencies. Abscissae: drug dose in mg
kg−1. Ordinates: percentage of baseline number of stimulations per component delivered across all brain stimulation frequencies. Upward/
downward arrows indicate significant drug-induced increases/decreases in ICSS, relative to vehicle, for at least one brain stimulation frequency as
determined by analysis of full frequency–rate curves. All data show mean ± SEM for five rats (4-F MCAT) or six rats (all other drugs). Maximal ICSS
facilitation values shown in Table 1 were taken from the right panels for each drug.
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Figure 4
Time courses of drug effects on ICSS in rats. The title of each panel shows the drug and test dose in units of mg kg−1. Left panels show full ICSS
frequency–rate curves. Time points are indicated in the key in units of minutes. Filled symbols represent frequencies at which reinforcement rates
were statistically different from baseline rates as determined by two-way ANOVA followed by Holm-Sidak post hoc test, P < 0.05. Right panels show
summary ICSS data for drug effects across all frequencies. Abscissae: time after treatment in min. All data show mean ± SEM for five rats (4-OCH3

MCAT and 4-F MCAT) or six rats (all other drugs). Other details as in Figure 3.
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transporters, which found higher selectivity for DAT with
MCAT than with 4-F MCAT (Eshleman et al., 2013). 4-CH3

MCAT was slightly more selective for DAT than 4-F MCAT in
the study with human transporters expressed in HEK cells
(Eshleman et al., 2013), which contrasts with results in rat
brain homogenates (Baumann et al., 2012; present study) and
suggests some potential for species differences in 4-CH3

MCAT effects between human and rat transporters. However,
these studies differed in other procedural variables as well.
Finally, the SERT selectivity of 4-CF3 MCAT agrees with the
SERT selectivity of fenfluramine (Rothman et al., 2001),
which has a trifluoromethyl substituent on the phenyl ring of
a phenethylamine scaffold closely related to the MCAT scaf-
fold used here.

The present study extends these previous results by
including 4-OCH3 MCAT and two halogenated MCAT ana-
logues, 4-Cl MCAT and 4-Br MCAT. Like 4-CH3 MCAT, all
three compounds had roughly similar potencies for increas-
ing monoamine release through DAT and SERT, and all three
compounds had lower selectivity for DAT versus SERT than
4-F MCAT. Consistent with the present results with halogen-
ated MCAT analogues, previous studies with halogenated
amphetamine analogues also showed that para-
fluoroamphetamine had greater selectivity for DAT and more
robust amphetamine-like behavioural effects than para-
chloroamphetamine (Marona-Lewicka et al., 1995; Baumann
et al., 2011).

Drug effects on ICSS
The present ICSS results confirm and extend previous
research showing that MCAT and many of its analogues
modulate ICSS, but differ in the degree to which they facili-
tate low rates of ICSS and/or depress high rates of ICSS. We
showed previously that MCAT, which has high selectivity for
DAT versus SERT, produced exclusive facilitation of ICSS
across a broad range of doses (Bonano et al., 2014), and the
present study found that 4-F MCAT, which also has moderate
selectivity for DAT, produced a similar profile of effects.
MCAT and 4-F MCAT also produced similar locomotor-
activating effects in mice (Marusich et al., 2012) and fully
substituted for the discriminative stimulus effects of stimu-
lant drugs of abuse, such as cocaine and methamphetamine,
in both rats and rhesus monkeys (Gatch et al., 2013; Kohut
et al., 2013). Conversely, 4-CF3 MCAT, a SERT-selective com-
pound, produced exclusive depression of ICSS, a profile of
effects which parallels the effects previously reported for fen-
fluramine, another 5-HT-selective releaser (Bauer et al., 2013).
Lastly, 4-CH3 MCAT, which is a relatively nonselective mono-
amine releaser, has been reported to produce mixed effects on
ICSS consisting of both facilitation of low ICSS rates and
depression of high ICSS rates (Robinson et al., 2012; Bonano
et al., 2014). In the present study, similar profiles of mixed
ICSS effects were also produced by the other MCAT analogues
4-OCH3 MCAT, 4-Cl MCAT and 4-Br MCAT, which also have
low selectivity for DAT. These effects on ICSS are consistent
with the relatively weak magnitude of locomotor stimulation
reported in rodents for 4-OCH3 MCAT (Marusich et al., 2012)
and 4-Br MCAT (Foley and Cozzi, 2003).

Correlational analysis confirmed a significant positive
correlation between in vitro selectivity for DAT versus SERT
and ICSS facilitation, and the correlation obtained with this
set of MCAT analogues agrees with a similar correlation
between selectivity for DAT and ICSS facilitation produced by
a structurally distinct set of amphetamine-based monoamine
releasers (Bauer et al., 2013). Insofar as magnitude of ICSS
facilitation is predictive of abuse potential (Negus and Miller,
2014), these results suggest that selectivity for DAT versus

Figure 5
Correlational analysis across experimental endpoints and structural
parameters from Table 1. Panel A shows the correlation between in
vitro selectivity for DAT- versus SERT-mediated monoamine release
(abscissa) and maximum in vivo ICSS facilitation (ordinate). Panel B
shows the correlation between steric bulk (Es, abscissa) and in vitro
selectivity for DAT- versus SERT-mediated monoamine release (ordi-
nate). Panel C shows the correlation between steric bulk (Es, abscissa)
and maximum in vivo ICSS facilitation (ordinate). All points show
mean data for five to six rats.
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SERT is a key determinant of abuse potential for a wide range
of monoamine releasers.

QSAR
To explore molecular mechanisms that contribute to mono-
amine releaser abuse potential, this study employed QSAR
analysis to evaluate structural determinants of both selectiv-
ity for DAT versus SERT and abuse-related ICSS effects. Of the
physicochemical parameters evaluated (steric bulk, Es;
electron-withdrawing capacity, σp; lipophilicity, πp), only Es

correlated with both selectivity for DAT and ICSS facilitation,
suggesting that steric attributes of the para substituent play a
key role in determining selectivity of releasers for DAT versus
SERT. More specifically, insofar as large Es values indicate low
functional steric bulk of the substituent, and increasingly
negative Es values indicate progressively greater magnitudes
of steric bulk, these results suggest that small substituents
that produce little steric hindrance promote selectivity for
DAT, whereas larger substituents that produce greater steric
hindrance promote selectivity for SERT. Additional aspects of
steric hindrance that underlie selectivity for DAT versus SERT
and ICSS behavioural effects are considered in the companion
paper, together with molecular models that explore structural
interactions that might account for interactions between
MCAT analogues and both DAT and SERT (Sakloth et al.,
2014).

In contrast to the significant correlations obtained for Es

values, neither lipophilic (πp) nor electronic (σp) parameters
of the para substituent correlated with in vitro or in vivo drug
effects. The non-significant correlations of these values with
DAT versus SERT selectivity or with ICSS facilitation suggest
that, within the ranges studied here, these parameters are less
important than steric hindrance as determinants of abuse-
related neurochemical and behavioural effects of MCAT ana-
logues. However, more extreme lipophilic and/or electronic
values beyond these ranges might influence neurochemical
and behavioural effects, and lipophilic and electronic param-
eters might also influence other aspects of pharmacology,
such as pharmacokinetics.

Altogether, QSAR analysis of these seven MCAT analogues
provided evidence for a key role of steric bulk of the para
substituent in influencing drug interaction with monoamine

transporters. Results from this study support our hypothesis
that MCAT analogues containing para substituents with low
steric bulk display DAT selectivity, produce abuse-related
facilitation of ICSS, and have high abuse potential. Con-
versely, MCAT analogues containing para substituents with
greater steric bulk display SERT selectivity, produce abuse-
limiting depression of ICSS, and have lower clinical abuse
potential.
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