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Administration of (
)3,4-methylenedioxymethamphetamine (MDMA) causes memory errors by increas-
ing proactive interference. This might occur because MDMA alters sensitivity to reinforcement. The
current 2 experiments investigated this directly by assessing the acute (Experiment 1) and chronic
(Experiment 2) effects of MDMA on sensitivity to reinforcement. We presented 5 pairs of concurrent
variable interval schedules within each session and calculated sensitivity to reinforcement for 3 acute
doses of MDMA. In contrast to the related drug,
d
-amphetamine, and in spite of producing reductions in
response rate, MDMA did not reduce sensitivity to reinforcement rate. Chronic administration of a fixed
dose of MDMA following each session reduced response rate but did not affect sensitivity to reinforce-
ment rate. In combination with previous research, these results indicate that related drugs may have
different effects on sensitivity to reinforcement and that these effects should be considered when
interpreting disruptions to operant task performance caused by drug administration.
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The recreational drug (
)3,4-methylenedioxymethamphetamine
(MDMA) is used by many people worldwide (
World Health Organiza-
tion, 2014
). MDMA is an indirect monoaminergic agonist that reduces
reuptake of and increases release of serotonin, and also increases levels of
dopamine at higher doses (
Colado, O’Shea, & Green, 2004
;
Green,
Mechan, Elliott, O’Shea, & Colado, 2003
). MDMA produces a range of
memory effects in humans (
Laws & Kokkalis, 2007
). It can be difficult
to precisely identify the impacts of MDMA use on human memory as
users often also take other drugs, and people may not accurately report
when and in what quantities they have used each drug (
Meyer, 2013
).
Nonhuman animal models do not have these limitations, and thus are a
useful approach to precisely characterizing the effects of MDMA on
memory and other aspects of behavior.
MDMA impairs animals’ performance on a range of tasks that
require conditional discrimination (performing different responses
in the presence of different stimuli) and memory. For example,
Braida, Pozzi, Cavallini, and Sala (2002)
found that MDMA
impaired rats’ performance on the radial-arm maze task.
Kay,
Harper, and Hunt (2010)
used a variant of this task in which the
same four arms were baited with food at the beginning of each
session. This procedure makes it possible to separate reference
memory errors (visiting an arm that has never been baited) from
working memory errors (revisiting an arm already visited in the
current session). Kay et al. found that acute administration of
MDMA produced increases in both type of errors, but produced a
larger increase in reference-memory errors. This suggested that
MDMA reduced memory for stable task rules; that is, memory for
which behaviors were necessary to produce reinforcement in the
presence of a given stimulus.
MDMA also impairs performance in the delayed-matching-to-
sample (DMTS) task. In the DMTS task, subjects are first pre-
sented with a sample stimulus (for rats, either the left or right
lever) and then after a delay they are presented with two compar-
ison stimuli (for rats, both levers). Responding on the comparison
stimulus that was presented earlier in the trial produces reinforce-
ment.
LeSage, Clark, and Poling (1993)
found that MDMA pro-
duced an overall impairment in DMTS accuracy in pigeons.
Harper, Wisnewski, Hunt, and Schenk (2005)
characterized the
impact of MDMA on DMTS performance in rats more completely.
They found that MDMA impaired performance by increasing
proac-
tive interference
; that is, rats tended to respond on the comparison
lever they had responded on during the previous trial regardless of
whether it was correct on the current trial or not. If errors are caused
by proactive interference from the previous trial, then increasing the
intertrial interval (i.e., the time between trials) should reduce these
errors.
Harper, Hunt, and Schenk (2006)
found that it did so, again
consistent with proactive interference as a crucial driver of impair-
ment in DMTS performance caused by MDMA. In general,
stimulant-based drugs, including
d-
amphetamine (
Harper, McLean, &
Dalrymple-Alford, 1994
) and methamphetamine (
Macaskill, Harrow,
& Harper, 2015
) have been found to produce proactive interference.
The proactive interference effects of both MDMA and methamphet-
amine are reduced by administration of the D
1
receptor antagonist
SCH23390 (
Harper, 2013
;
Macaskill et al., 2015
).
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When drugs impair DMTS or radial arm maze performance it is
often interpreted as direct evidence that the drug has rendered
subjects unable to recall recent task events such as presentation of
the sample. Research demonstrating that MDMA can reduce ref-
erence memory and produce proactive interference, however, sug-
gests that reductions in accuracy alone may actually be uninfor-
mative about whether the drug has impaired memory for recent
task events. Rather, reductions in accuracy might occur because of
a disruption in stimulus control. Following drug administration
subjects may be able to recall stimuli they have seen but may no
longer be able to use them to determine which behaviors will
produce reinforcement. For example, on the radial arm maze task,
they may not be able to use information about which arms are
usually baited and which they have recently visited to identify
which arms still contain reinforcers. On the delayed matching-to-
sample task, subjects may no longer be able to use information
about which sample they recently responded on to identify the
sample stimulus that will produce food. That is, some drugs may
cause reduced sensitivity to relations among recent events and
stimuli, the individual’s own behavior, and reinforcement.
To explore this further, the current study investigated the impact
of MDMA on sensitivity to reinforcement using
Davison and
Baum’s (2000)
rapidly changing concurrent choice procedure.
This procedure has been successfully used to characterize sensi-
tivity to reinforcement in both nonhuman (e.g.,
Rodewald, Hughes,
& Pitts, 2010a
) and human (e.g.,
Lie, Harper, & Hunt, 2009
;
Daly
et al., 2014
) choice. This procedure allows use of the generalized
matching law (
Baum, 1974
) to provide a quantitative description
of both sensitivity to reinforcement rate and bias to one or other
response alternative (here, left and right levers). It is useful to
consider side bias separately from sensitivity to reinforcement
because an increase in position bias caused by drug administration
might account for some of the impairment in DMTS performance
previously observed. As
Macaskill et al. (2015)
noted, proactive
interference and side-bias cannot be conclusively separated in the
standard DMTS task because proactive interference can manifest
as repeated responses on one alternative and thus resemble a side
bias. The procedure used in the current study allowed the impact
of MDMA administration on side bias to be isolated and quanti-
fied.
Using a similar procedure,
Rodewald, Hughes, and Pitts (2010a)
examined the effects of
d
-amphetamine on sensitivity and bias
using
Davison and Baum’s (2000)
rapidly changing choice proce-
dure. Acute administration of
d-
amphetamine reduced sensitivity
to relative reinforcement rate, suggesting that a reduction in sen-
sitivity to reinforcement rate might contribute to reductions in
accuracy in DMTS performance caused by
d-
amphetamine.
Rode-
wald et al. (2010a)
also conducted a more local-level analysis of
response patterns and found that
d-
amphetamine reduced prefer-
ence pulses, or the tendency for pigeons to continue to respond on
the alternative that had produced that reinforcer immediately after
that reinforcer’s delivery. Rodewald et al. did not find that
d
-amphetamine administration produced an increase in side bias.
In a related study,
Maguire, Rodewald, Hughes, and Pitts (2009)
found that
d
-methamphetamine reduced sensitivity to reinforce-
ment magnitude in a similar rapidly changing procedure.
Experiment 1: Acute Administration of MDMA
Experiment 1 explored whether MDMA reduced sensitivity to
reinforcement rate in a similar manner to
d
-amphetamine. An
understanding of the effects of MDMA on sensitivity to reinforce-
ment would contribute to a more complete characterization of the
disruptive effects of MDMA on memory and conditional discrim-
ination in other operant tasks. To this end, we examined the effects
of a range of doses of MDMA on overall response output, global
sensitivity to reinforcement rate, preference pulses, and side bias.
We hypothesized that, like the related drug,
d-
amphetamine, acute
administration of MDMA would reduce subjects’ sensitivity to
reinforcement rate.
Method
Subjects.
Seven male Norway hooded rats served as subjects.
Subjects were approximately 1 year old at the beginning of the
experiment. Subjects were kept at 85% of their free-feeding weight
with supplementary feeding following each session. Subjects’
home cages provided continuous access to water. They were
located in a housing room that was dark from 7 a.m. to 7 p.m.
(during which time sessions were conducted) and maintained at a
constant temperature of 22 °C.
Apparatus.
Standard two-lever operant chambers supplied by
Med Associates Inc. (St. Albans, Vermont) were used for all
experimental tasks. Operant chambers were in a darkened room
next to the housing room. Each operant chamber was 31 cm
long
31 cm wide
25 cm high. Levers were 5 cm above the
floor on either side of the front panel. There was an 80 mA light
above each lever. MED-PC-IV (Med Associates Inc.) was used to
arrange reinforcers and stimuli and record data. Each reinforcer
[bookmark: _GoBack]consisted of 0.01 ml of sweetened condensed milk.
Procedure.
Rats were trained to press each lever using stan-
dard auto-shaping techniques. In the final procedure, different VI
schedules of reinforcement were arranged on each lever through-
out the session. Under these VI schedules, an interval began at the
onset of each trial and the first response after the interval expired
produced a reinforcer. Five pairs of VI schedules (i.e., compo-
nents) were arranged during each session. The VI schedule param-
eter indicates the mean length of the intervals, for example, under
a VI 60-s interval one reinforcer is presented, on average, every
minute. The length of the interval for the pair of schedules pre-
sented in each component is presented in
Table 1
. Each component
was presented once in random order within each session. Changes
in reinforcement schedule were not signaled.
Table 1
The Five Concurrent Variable Interval (VI) Schedules Presented
During Each Session and the Resulting Reinforcer Ratio
Component
VI schedule
left lever (s)
VI schedule
right lever (s)
Reinforcer
ratio
1
32
480
15:1
2
36
180
5:1
3
60
60
1:1
4
180
36
1:5
5
480
32
1:15
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The overall reinforcement rate across the two levers was held
constant (two reinforcers/minute) across all five pairs of schedules.
Schedules were dependently scheduled (
Stubbs & Pliskoff, 1969
);
that is, if an interval expired and a reinforcer became available on
one alternative, a response had to be made on that alternative to
produce that reinforcer before responses on the other alternative
became effective once more. A 2-s changeover delay was in effect,
meaning that any responses made on one lever less tha
n 2 s after
a response was made on the other lever did not produce a rein-
forcer, even if the interval on that lever had expired.
Each pair of schedules was presented for 15 reinforcers (i.e., a
component) within each session. There was a 10-s blackout period
between components. During the blackout, the chamber was dark
and the levers were retracted. The session ended after all 75
reinforcers had been received or after 90 min, whichever came
first. The session-length criterion was included in anticipation that
drug administration would reduce response rates and therefore
lengthen sessions. Sessions were conducted Monday to Friday
each week. Each individual completed all sessions in the same
operant chamber.
Pharmacological procedure.
MDMA was obtained from
BDS, Porirua, New Zealand. Drugs were administered 10 to 15
min before the session began. Drugs were mixed in 0.9% saline
solution and delivered intraperitoneal at a volume of 1 ml/kg of
body weight. Drugs were administered on Tuesdays and Fridays.
Rats were still exposed to the concurrent VI procedure on inter-
vening days. Each rat received three administrations of the saline
vehicle and of 0.5, 1.0, and 2.0 mg/kg of MDMA. Subjects also
received one dose of 3.0 mg/kg. This reduced response rates to the
point that response patterns were uninterpretable (see Graph A on
Figure 1
). This dose was therefore excluded from subsequent data
analyses.
Statistical analyses.
Response rates were calculated by divid-
ing the total number of responses made on either lever during the
entire session by the session length excluding intercomponent
intervals. Mean response rates were calculated for each dose for
each rat. The generalized matching law (
Baum, 1974
;
Equation 1
)
was used to calculate an individual rat’s sensitivity to reinforce-
ment rate for each drug dose.
B
1
B
2
a
log
R
1
R
2
log
b
(1)
In
Equation 1
,B
1
is the number of responses made to one of the
response alternatives (here, the left lever), and B
2
is the number of
responses made to the other response alternative (here, the right
lever). R
1
and R
2
are the numbers of reinforcers received from
each of those levers.
a
is a free parameter corresponding to the
slope of the regression line if
Equation 1
is graphed. The
a
parameter captures the extent to which a subject’s distribution of
responses across the left and right lever changes as the distribution
of reinforcers received from those levers changes. If
a
is smaller
than 1.0 this indicates that changes in the subject’s distribution of
responses across conditions are smaller than the change in distri-
bution of reinforcers (a pattern termed
undermatching
).
Sensitivity values were calculated for each subject by summing
the total number of responses and reinforcers received in a given
component during all of the relevant drug sessions and then using
linear regression in combination with
Equation 1
above. In cases
were R
1
,R
2
,B
1,
or B
2
were zero, estimates of
a
and
log b
are
incalculable. In such cases therefore, an arbitrarily small value of
0.25 was added to that value to allow
Equation 1
to be used (see
Brown & White, 2005
for a discussion of this issue when using
quantitative models). One-way analysis of variance (ANOVA) and
follow-up paired sample
t
tests were used to assess the impact of
drug doses on
R
2
. One-sample
t
tests were used to determine
whether sensitivity values were significantly greater than zero.
Rodewald et al. found that sensitivity was higher at the end than
the beginning of the component, presumably because subjects took
time to make contact with the changed reinforcement rates on the
two alternatives and adjust their response distribution accordingly.
For this reason, we use
d a 2 (Component Half)
4 (Dose)
ANOVA to assess the effect of dose and component half on
sensitivity where the first half was defined as from after the
presentation of the first reinforcer up to the presentation of the
eighth reinforcer. Follow-up one-way ANOVA and follow-up
paired samples
t
tests were used to assess the effect of dose of
MDMA on the first and second halves of each component sepa-
rately.
In
Equation 1
, log
b
is the
y
-intercept of the regression line if
Equation 1
is graphed. Nonzero log
b
values indicate a preference
Figure 1.
Group mean response rate (top graph), and
R
2
(bottom graph)
as a function of dose of 3,4-methylenedioxy-methamphetamin (MDMA;
mg/kg). Error bars are
SEM
. Brackets with
indicate significance at the
0.05 level, and

at the 0.01 level.
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for either B
1
or B
2
that is unrelated to the proportion of reinforcers
that the individual has received from that response alternative, that
is, a bias (
Baum, 1974
). We used a 2 (Component Half)
4
(Dose) ANOVA to assess the effect of component half and dose on
bias.
We used the generalized matching law to assess the effect of
MDMA on the effects of reinforcers at a global level, considering
session total numbers of responses and reinforcers. We also con-
sidered the effects of MDMA on the local effects of reinforcers.
The local effects a reinforcer are those that occur within a short
time—typically seconds—following its presentation. During the
period immediately after a reinforcer there is typically an increase
in preference for the response alternative that produced that rein-
forcer for a brief period—termed a
preference pulse
(e.g.,
Davison
& Baum, 2002
).
Rodewald et al. (2010a)
found that
d
-amphetamine reduced the size of preference pulses. In order to
investigate whether MDMA produced similar effects at the local
level, we summed all responses occurring on B
1
and all occurring
on B
2
within the firs
t 5 s following a reinforcer on all sessions for
a given dose and a given subject. We then calculated response
ratios log (B
1
/B
2
). If this number is greater than zero it indicates
preference for B
1
, and if smaller than zero preference for B
2
.A4
(Dose)
2 (Previous Reinforcer Side) ANOVA was used to
assess the impact of reinforcer location to determine whether
preference pulses were present, and whether their size was affected
by dose of MDMA.
An alpha level of
p
.05 was used as the significance criterion
for all statistical tests. Partial eta squared was used to characterize
effect sizes.
Results
We assessed mean response rate in order to evaluate the overall
impact of each dose of MDMA on overall response output. Mean
response rate is presented as a function of dose in the top graph on
Figure 1
. A repeated measures ANOVA indicated a significant
main effect of dose of MDMA on response rate,
F
(4, 24)
19.19,
p
.001,
2
0.762. This main effect remained when 3.0 mg/kg
was excluded,
F
(3, 18)
4.70,
p
.014,
2
0.439, confirming
that the doses included in subsequent analyses were in a behav-
iorally active range. Follow-up paired samples
t
tests indicated
significant differences between 3.0 mg/kg and saline, 0.5 mg/kg,
and 1.0 mg/kg and between 0.5 mg/kg and 2.0 mg/kg (all
p
s
0.05).
As the bottom graph on
Figure 1
indicates,
R
2
values were high.
A repeated measures ANOVA indicated a significant effect of
dose on
R
2
,
F
(1, 6)
3.24,
p
.047,
2
0.351. Follow-up
paired samples
t
tests indicated that
R
2
for the 2.0 mg/kg dose was
significantly smaller than
R
2
values for 1.0 mg/kg,
t
(6)
3.5,
p
.013 and 0.5 mg/kg,
t
(6)
3.6,
p
.012. No other pairs differed
significantly (all
p
s
0.05).
One-sample
t
tests indicated that sensitivity values were signif-
icantly above zero for each dose, saline:
t
(6)
10.8,
p
.01; 0.5
mg/kg:
t
(6)
13.0,
p
.01; 1.0 mg/kg:
t
(6)
8.2,
p
.01; 2.0
mg/kg:
t
(6)
5.1,
p
.002, using an alpha adjusted following a
Bonferroni correction (adjusted

.0125). Sensitivity values are
presented for the first (closed circles) and second (open circles)
halves of the component as a function of dose for each individual
in the top graph of
Figure 2
. A 2 (Component Half)
4 (Dose)
ANOVA revealed a main effect of component half,
F
(1, 6)
112.467,
2
0.949, no main effect of dose,
F
(3, 18)
6.27,
p
.607,
2
0.095, and a significant interaction between dose and
component half,
F
(3, 18)
3.709,
p
.031,
2
0.382, that
became only marginally significant once a Greenhouse–Geisser
correction to address violation of nonsphericity was applied,
F
(12.27, 1.171)
3.709,
p
.092,
2
0.382. To investigate this
further, we assessed the effect of dose for the first and second
halves of each component separately There was a significant
increase sensitivity in the second half of the components,
F
(3,
18)
4.44,
p
.017,
2
0.425, but not the first half of the
components,
F
(3, 18)
0.530,
p
.667,
2
0.081. Follow-up
paired samples
t
tests indicated that sensitivity values were signif-
icantly larger at the 2.0 mg/kg dose than the 0.5 and 1.0 mg/kg
doses.
Bias values are presented for each half of the component as a
function of dose for each individual in the bottom graph of
Figure
2
. A 2 (Half)
4 (Dose) revealed no main effect of half,
F
(1, 6)
3.485,
p
.111,
2
0.367, no main effect of dose,
F
(3, 18)
0.233,
p
.872,
2
0.037, and no significant interaction,
F
(3,
18)
0.790,
p
.515,
2
0.116. This indicates that acute
administration of MDMA did not create a bias to the same lever in
all subjects. We also calculated absolute values of log
c
to inves-
tigate whether drug doses made bias more extreme regardless of
which lever the bias was to
. A 2 (Half)
4 (Dose) revealed no
main effect of half,
F
(1, 6)
0.362,
p
.569,
2
0.057, no
main effect of dose,
F
(3, 18)
1.465,
p
.257,
2
0.196, and
no significant interaction,
F
(3, 18)
0.407,
p
.750,
2
0.063.
Figure 3
presents log response ratios as a function of dose
following reinforcers received from responses on the left (open
Figure 2.
Mean sensitivity (top graph) and bias (bottom graph) in the first
(closed circles) and second (open circles) half of the component as a
function of dose of 3,4-methylenedioxy-methamphetamin (MDMA). Error
bars are
SEM
. Brackets with
indicate significance at the 0.05 level.
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