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Abstract Amphetamine and refated compounds have
previously been shown to differentially release dopa-
mine (DA) and serotonin (SHT) in vivo and in vitro.
The purpose of this report is directly to compare five
amphetamine anafogs on ditferential reinforcement of
low rate 36-s {DRL 36-s) schedule pertormance. and
to determine whether the reported increases in dopa-
mine and/or serotonin release induced by these drugs
can be related to observed behavioral differences. Am-
phetamine (AMPH) and methamphetamine {METH)
induced large increases in response rate, methylene-
dioxymethamphetamine (MDMA) and para-chloro-
amphetamine (PCA) caused small increases N response
rate, while fenfluramine (FEN) had no effect on
response rate. AMPH. METH, PCA and MDMA
caused a dose-dependent decrease in reinforcement
rate, and FEN had no effect on reinforcement rate.
AMPH., METH, and PCA but not FEN, shifted the
peak of the inter-response time (IRT) distribution
toward shorter intervals, MDMA decreased peak loca-
tion onkv at the highest dose. All five drugs caused a
dose-dependent decrease in peak area. indicating « loss
of schedule contrel on the DRL 36-s schedule
Consistent with in vitro and in vivo release studies.
the differential results of these five drugs on DRL
36-s schedule performance suggest a predominant
dopamine role for AMPH and METH, a predominant
serotonin role for FEN, and different degrees of com-
bined dopaminergic and serotonergic roles for MDMA
and PCA in the mediation of the task.
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Introduction

Amphetamine (AMPH), methamphetamine {METH),
methlyenedioxymethamphetamine (MDMA), fenflur-
amine (FEN), and paru-chloroumphetaminc (PCA) are
psychoactive substituted amphetamines which relense
dopamine and serotonin. Each compound affects
dopamine and serotonin release to different degrees,
however. AMPH is primarily a dopamine releasing
agent (Kannengiesser et al. 1976; Kuczenski and Segal
1989), FEN is primarily a serotonin releasing agent
(Kannengiesser ct al. 1976) and METH. MDMA, and
PCA fall in between these two compounds in their
ability to release dopamine and serotonin {Johnson
ot al. 1986: Sharp et al. 1986; Schmidt et al. 1987, 1991.
MceKenna et al. 1991).

fn Table | we summarize the literature regarding the
ability of different AMPH analogs to release DA ver-
sus SHT. This table combines results from studies using
a variety of techniques including in vitro synaptoso-
mab release. in vitro slice release, and in vivo dialysis.
In order to integrate the information rrom these stud-
ies. we have developed a release rauo (see Table 1.
From these rejeuse ratios, it can be seen that the order
of u drug’s DA releasing ability relative to its serotonin
releasing ability is the tollowing: AMPH > METH >
MDMA > PCA > FEN.

Amphetamine derivatives have differential effects on
the behavior of rats (see Paulus and Geyer 1992). For
example. METH and MDMA both induce locomotor
behavior, but the pattern of locomotion induced by the
drugs is qualitatively different. When tested in an activ-
ity monitoring apparatus, MDMA-treated rats walk in
straight lines along the walls of the chamber. In con-
trast, METH treated rats move throughout the space
of the chamber. exhibiting long straight-line move-
ments us well as short movements {(Gold et al. 1988:
Paulus and Gever 1992). In addition, MDMA and
PCA both cause increases in tactite and acoustic star-
tle reflexes. while FEN does not {Kehne et al. 1992).
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In order to explore further the behavioral differences
of amphetamine-like compounds, we studied the effects
of AMPH, METH, MDMA, PCA and FEN on DRL
36-s schedule performance.

Amphetamine (Schuster et al. 1966: Campbell and
Seiden 1973; Richards et al. 1993a) and MDMA (Li
¢t al. 1989) increase response rate and disrupt perfor-
mance on DRL schedules in rats. FEN, on the other
hand, disrupts DRL performance without increasing
tesponse rate (Richards et al. 1993b). We now compare
five amphetamine analogs on DRL 36-s schedule per-
formance, and evaluate whether the reported increases
in dopamine and/or serotonin release induced by these
compounds (Kannengiesser et al. [976; Liang and
Rutledge 1982: Sharp et al. 1986; Kuczenski and Segal
1989; McKenna et al. 1991; Schmidt et al. 1991} can
be related to behavioral differences on DRL perfor-
marnce,

Using peak deviation analysis {see Richards and
Seiden 1991; Richards et al, 1993a), we evaluated
changes in response rate, reinforcement rate. and the
shape of the inter-response time (IRT) distribution that
15 characteristic of DRL schedules. We found that
METH and AMPH caused large increases in response
rate, MDMA and PCA induced small increases, while
FEN did not increase response rate. AMPH, METH.
PCA and MDMA caused 2 dose-dependent decrease
tn reinforcement rate; FEN did not affect reinforcement
rate. All five drugs changed the shape of the IRT dis-
tribution, indicating disruption of schedule control over
DRL performance.

Material and methods
Animals

Fifteen male Sprague-Dawley ruts (Holtzmun. Madison., Wis,)
weighing between 330 and 500 g were used, Rats were housed (wo
per cage in hanging stainless steel wire cages. Lights were on in the
colany reom from 0700 to 1900 haurs, Food i4" - Teklud rat chowy
was available ud lib. Access to waler was restricted 1o 20 min per
day. On training days (he rats received 20 min acvess {0 water at
the end of their training session. On noa-training days (weckends).
the rats were given 20 min access 1o water between 1000 and 1400
hours. The rats had no ptior history of drug rreatment,

Apparatus

Operant test chambers, as well as the hardware and software to
control the schedule contingencies, were described in detail in
Richards et al, {1994).

Training

The rats were adapted to the 20 min per day access to water regi-
men for 1 week. The rats were then trained (o tespond (bar press)
in overnight training sessions using an alrernative FRIL. FT |-min
schedule. Euch overnight lraining session was terminated after
100 or 100 responses, whichever occurred first. The rats ucquired
the bar press response within five training sessions, When the rats

made [00 responses in two overnight training sessions, they were
trained during 3-h sessions on a DRL 36-s schedule of reinforce.
ment for 10 days. On the DRL 36-5 schedule, responses were fol-
lowed by water presentation only if the rats had waited 36 s since
the fast response before pressing the lever. Finally, the rals were
trained during daily (5 days a week) 1-h sessions on the DRL 16
s schedule, At the beginning of the present experiment the rats had
been trained on the DRL 36-s schedule {or approximately 12 weeks
(3 days a week) in 1-h sessions.

Drug administration

d-Amphetamine sulfate (Sigma). d-methamphetamine hvdrochlo-
ride {Sigma}. dl-methylenadioxymethamphetamine hvdrochloride
(NIDA), di-p-chloroamphetamine hydrochloride (Sigma) and
di-fenfluramine hydrochloride (Sigma) were dissolved in saline to
form an injectable solution of | ml/kg tdoses were caleulated as the
salt). Drugs were injected intraperitonezlly 20 min before the start
of the I-h session. For eight of the rats the dose-response determi-
nations were made in the following order: AMPH, METH. MDMA.
FEN and PCA. In the remaining seven rats the dose-response deter-
minations were made (n the opposite order: FEN, MDMA, METH,
AMPH and PCA. PCA was given last to both groups because af
its potential for reurotoxic effects at the doses tested. The doses
tested were: AMPH (Vehicle (V), 0.25, 0.5, 1.0. 2.0, $0mglkay:
METH (V. 0.25.0.5. 1.0, 2.0, 4.0 mglkey MDMA(V 0.3, 1.0, 2.0,
4.0, 80 mg/ke): FEN [V, 0.5, 1.0. 2.0, 4.0 meg/kya) and PCA (V,
0.25.0.5. 1.0, 2.00 4.0 me/ke). Doses were given in ascending order.
Drugs were administered on Tuesdays and Friduys. Control per-
formance was the average of the Thursdays which vecurred during
each drug’s dose-response determinution.

IRT analvsis

The effects of drug treatment on the IRT distributions generated
by the DRL 36-y schedule were quantitatively characterized. The
quantitative IRT analysis used. pesk deviation analysis. includes
three meusures for the churacterization of DRL IRT distributions.
peak area (PkA)Y. peak tocation IPXL) and burst ratio (BR). A PAS-
CAL routine which implements peak deviation analvsis is available
Irom the authors.

The IRT distributions of most rats trained on the DRI 36-3
schedule are bimodal. with one mode oceurring at short IRT dura-
tions and 4 second mode oceurring at longer IRT durations. Becuuse
of the bimoedul nature of DRL 36-5 IRT distributions, peak devia-
on analisis divides the abtained [RT distribution inio separate
Burst (IR Ts < 351 and pause (IRTs > 3 4 components,

Peak devianion analysts compares cach rat's ostained [RT dis-
tribunion (o a theoretical distribution which predicts the appear-
ance of the obtained IR T distribution had the rat emitted FESpONSSS
at the same overall rate, but randomiv in tme with respect Lo the
preceding response. This expected curve s called the correspond-
ing negative cxponential. The corresponding negalive exponential
was computed based on the mean of the obtained pause [RT dura-
tions with bursts (IRTs < 3 5) excluded (see Richards and Seiden
1991 and Richards et al. 199335,

The peuk area (PkA) and peak location (PkL). metrics were used
to characterize the pause component (IRTs > 3 s) of the [RT dis-
tribution. The PkA measture was the areu of the obtained [RT dis-
tribution above the cortesponding negative exponential. The largest
possible PkA value (1.0) would occus only it all of the obtained
IRT durations had exuctly the same value. The smallest possible
PkA value (0.0) would indicate that the obtained and correspond-
ing negative exponentiul distributions were tdentical. Thus,
decreases in PkA indicate that the rac’s IR T distribution had become
more similar to random performance indicating disruption or loss
of scheduie control. The PKkL measure was the median of the area
of the obteined [RT distribution above the corresponding negative
exponentiil.



The corresponding negative exponential was extrapolated into
the burst category to provide a4 prediction for the number of [RT
durations expected 1o occur in the burst category if the rat emitted
responses randomly at a4 constant overall rate with no difference
petween burst and pause responding. The burst ratio (BR) is the
number of obtained [RT durations in the burst catcgory divided
v the number of IRT durations predicted to occur in the burst
g-;negory by the corresponding negative exponential. The BR met-
ric indicates the propensity to burst.

Data analysis

Response and reinforcement rate measures are valid even if the sub-
jects make no responses. However, in the case of [RT analysis. a
minimum number of IRTs are required in order for there o be u
distribution to measure. Estimales of the peak deviation analysis
metrics require ut least 25 responses in the pause component (IRTs
2 3 s) of the [RT distribution. Without drug the rats trained on the
DRL 36-5 schedule alwavs made more than 235 pause responses.
However, at high drug doses. some rats failed to make 23 or more
responses. The PkA, PkL and BR metrics ol individual rats were
not included in the data analysis at doses where they failed (0 make
at least 25 pause respanses. Tao ensure that the IRT analysis corre-
sponded to the response und reinforcement rate analyvsis, response
and reinforcement rale measures were not mcluded in the data
analysis for individual rats which made fewer than 25 pause
responses at u given dose. When eight or more rats (out of 13) failed
<0 make at least 25 pause responses the data tor that dose were not
anajyzed. Occasions when rats failed to make at least 25 pause
responses are clearly indicated in the Resulis und Fig. |

Response rate, reinforcement rate, PkA, PkL and BR were mea-
sured for each rat at cach dose of the drug (except as noted above).
Control values for each mesasure were compared to euch drug dose
{(including vehicle) using r-tests. A Bonlerroni correction (Neter and
Wasserman 1974} was used to guard against a type | ¢rror due o
muitiple comparisons. The P value (two wiled) requited for
significance was set at £ < 003

Resuits
Failure to make 2 25 pause responses

The number of rats which made at least 25 pause
responses al zach dose of the five compounds s shown
in Fig. I. The drugs were given in increasing doses until
over half of the rats failed to make at least 23 pause
responses. The doses at which over half of the rats failed
to make at least 25 responses were: AMPH = 4.0 mg/kg,
METH = 4.0mg/kg. MDMA = 8.0 mg/kg, FEN =
4.0 mg/kg, and PCA =4.0 mg/kg (see Fig. 2). Only
doses of each test drug at which at least half of the rats
made > 25 pause responses were used in the analysis
reported below.

d-Amphetamine

AMPH increased response rate and decreased rein-
forcement rate in a dose-dependent fashion. In addi-
tion, PkA and PkL were dose-dependently decreased
by AMPH (Fig. 2). Note that in Fig. 2. the [illed sym-
bols indicate significantly different from control
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Fig. 1 Five substituted amphetamines were tested, amphetamine
(AMPH). methamphetamine (METH), methvlenedioxymethum-
phetamine (MDMA),  para-chloroumphetumine (PCA), and
fenfluramine (FEN). In order 1o determine an equivalent range
of behaviorally ettective doses Tor each ol the live substituted
amphetamines, the rats were given increasing doses of cuch
compound unul aver half of the rats lailed to make at least 23
responses. Points below the hortzontal dushed line indicate when
fewer thun half ol the rats made at least 25 responses. For AMPH.
METH, MDMA und PCA fewer than half of the rats responded
at the 4.0 me/kg dose. For MDMA fewer than half of the ruis
responded ut the B0 me/kg dose. Only those doses of the
compounds at which greater than half of the rats responded were
analyzed

(P <10.05). The BR metric was not stenilicantly changed
by AMPH. The disruption of the IRT distribution by
AMPH is shown graphically in Fig. 3B.

d-Methamphetamine

The eftects of METH on DRL 36-s schedule pertormance
were very simular to those of AMPH. METH mncreased
response rate and decreased reintorcement rate in a
dose-dependent tashion. PkA and PkL were decreased
by METH (Fig. 2). The BR metric was not significantly
changed by METH. The disruption of the IRT
distribution by METH is shown graphically in Fig. 3C.

di-Para-chloroamphetamine

PCA administration resulted in a significant increase
in response rate at a single dose (1.0 mg/kg). Rein-
forcement rate was dose-dependently decreased after
PCA administration. PkA and PkL were also dose-
dependently decreased following PCA administration
(Fig. 2).The BR metric was not significantly changed
by PCA. Disruption of the IRT distribution by PCA
1s shown graphicuily in Fig. 3D.
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Fig. 2 Effects of five substituted amphetamines on response rate.
reinforcement rate. peak area, peak location and burst ratio. Peak
area, peak location and burst ratio are metrics designed to measure
the IRT distribution profile. AMPH, METH, MDMA and PCA
inctreascd response rate and decreased reinforcement rate. FEN did
not significantly change either responsé or reinforcement rate. All
five amphetamine analogs decreased peak area. Four of the amphet-
amine analogs (AMPH, METH. MDMA and PCA shifted the peak
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Filled symbols indicate significantly
different from control (P < .05).

location roward shorter [RT durations. FEN did not significantly
change the peak location. The burst ratio measure was not
significantly affected by any compound. The fifled symbods indicate
significantly different from contral (P < 0.03), Abbreviations:
AMPH amphetamine, METH methamphetamine, WDAM.A meth-
yienedioxymethamphetamine, PCA para-chloroamphetamine. FEN
fenlfuramine
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Fig. 3A-F The inter-response time (FRT) histograms displaved
ahove visualize how the five substituted amphetamines disrupted
performance on the DRL 36-5 schedule. The control distribution
in panel A shows that the DRL 36-s IRT distribution is bimodal
with one mode at short IRT durations (IRT<3 s, darkened his-
togram bar on /eft) indicating bursting and u second mode at longer
IRT durations indicating pausing. This second mode shows that
the rats have learned to wait between responses {although not quite
long enough). The connected dots indicate the corresponding neg-
ative exponential (random performance). The triangle in the burst
category indicates the relative frequency of burst responses pre-
dicted by extrapolation of the corresponding negative exponential
into the burst component. The single dot at the far right indicates

di-Methylenedioxymethamphetamine

MDMA caused small increases in response rate at the
1.0 and 2.0 mg/kg doses and decreases in reinforcement

the refative frequency of IRTs greater than 72 5 predicted to occur
by the corresponding negative exponentiul. Similarly, the single his-
togram bar at the tar right indicates the relative frequency of
obtained [RTs greater than 72 s. Histograms in B~F show the etfects
ol selected doses of the five substituted amphetamines. Comparison
of B-F with control performance in A shows that all five amphet-
amine analogs disrupted the IRT distribution profiles. The his-
tograms were made [tom the averaged relative frequency of all the
rats that responded at the indicated drug dose. Abbreviations:
AMPH amphetumine, METH methamphetamine, MDMA meth-
vlenedioxymethamphetamine, PCA  para-chloroamphetamine,
FEN fenfluramine -

rate at the 2.0 and 4.0 mg/kg doses. The PkA was
decreased in a dose-dependent fashion by MDMA., The
PkL was significantly decreased only at the highest dose
of MDMA (4.0 mg/kg) (Fig. 2). The BR metric was not
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significantly changed by MDMA. Disruption of the IRT
distribution by MDMA is graphically shown in Fig. 3E.

di-Fenfluramine

In contrast to the other compounds tested FEN did
not significantly alter either response or reinforcement
rate or PkL. The BR metric was not significantly
changed by FEN. Importantly, PkA was decreased in
a dose-dependent fashion by FEN demonstrating that
the doses tested had effects on DRL schedule perfor-
mance {Fig. 2). The disruptive effects of FEN on DRL
schedule performance are shown in Fig. 3F

Comparison of the effects of the five substituted
amphetamines on the PKA and PkL metrics

Figure 4 shows PkL plotted against PkA. For AMPH,
METH, MDMA and PCA, changes in PkL are posi-
tively correlated with changes in PkA. In contrast, for
FEN there is no correlation between changes in PkL
and PkA. This indicates that increasing doses of FEN
have qualitatively different effects compared to increas-
ing doses of the other four substituted amphetamines.

Discussion

Differential effects of the five substituted ampheta-
mines on DRL 36-s performance

Three distinctive patterns of effects on DRL 36-s per-
formance were observed. In pattern one, AMPH and
METH induced large increases in response rate. and
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Fig. 4 This plot visualizes the qualitative difference between the
effects of FEN and the other four substituted amphetamines
{AMPH, METH. MDMA und PCA}. For the five substituted
amphetamines, the change from control in PkA is plotted against
the change from control in PkL at each dose, including saline. For
AMPH, METH, MDMA and PCA, dose-dependent decreases in
PkL correspond 1o dose-dependent decreases in PkA. In contrast,
for FEN there is no dose-dependent decrease in PkL although PkA
is dose-dependently decreased

decreases in PkL and PkA. In pattern two, PCA ang
MDMA induced small, but significant, increases i
response rate, and decreases in PkL and PkA. In pat-
tern three, FEN induced no change in response rate of
PkL but decreased PkA. The fact that the dose of
all five compounds was increased until more than
half of the rats failed to respond insures that an
adequate range of doses was studied (see Fig. 1). The
differences between the AMPH-METH effect, and the
PCA-MDMA effect is quantitative: AMPH and
METH had a much greater effect on response rate. The
differences between FEN and the other four com-
pounds were qualitative in that FEN caused no increase
n response rate or decrease in PkL. The difference
between FEN and the four other compounds tested is
further illustrated by Fig. 4. For AMPH, METH,
MDMA and PCA, but not for FEN, changes in PkL
are posttively correlated with changes in PKA.

Using DRL schedule performance in conjunction
with peak deviation analysis to study drug effects

Training on DRL schedules of reinforcement results in
a highly organized and characteristic behavioral pat-
tern. This pattern of performance can be visualized by
examining IRT distributions of animals well trained on
the DRL schedule (see Fig. 3A). The characteristic
pattern of behavior resulting from training on DRL
schedules provides a useful baseline from which to mea-
sure the effects of drugs on behavior (Richards and
Seiden 1991). The peak deviation analysis metrics (BR.
PkA, and PkL) were developed to quantify the effects
of drugs on DRL IRT distributions. These metrics
allow detection of drug effects that otherwise might not
be seen. For example, in the present paper 0.5 mg/kg
PCA shified the PkL toward shorter IRT durations and
decreased the PkA. These statisticallv significant effects
would not have been very convincing if only IRT his-
tograms were offered as evidence of the effects. In
another result, PKA was shown to be dose-dependently
decreased by FEN while there was no significant effect
on response and reinforcement rate. Without the PkA
metric no effect of the drug would have been detected
demonstrating that the peak deviation analysis metrics
are 4 usetul addition to the standard response and rein-
forcement rate measures.

Differential behavioral effects with AMPH derivatives

A distinction has been made between the stimulant
effects of AMPH and the qualitatively different expe-
rience reported by human users of MDMA. In animal
studies, MDMA has been shown to substitute for
methylenedioxyamphetamine (MDA) in drug discrim-
ination, but AMPH does not (Broadbent et al. 1992).
Both  MDMA and AMPH induce locomotion:
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Table 1 Effects of amphetamine analogs on DA vs. SHT release.  from the referenced papers. a release ratio® was calculated. This
Based on EXpCrimeﬂtS from the references cited bﬂlOW, the differen- ratio indicates the degree of DA or 3HT se]ectivity that is demon-
tial DA vs. SHT releasing abilities of AMPH. METH, MDMA,  strated by the test drugs

PCA and FEN were compared. In order 10 standardize the results

DA rclease SHT release
Drug dose/ Drug dose/
concentration: Concentration:
Drug Ratio® DA incrzase Ratio* 5HT increase Technique/reference
AMPH 79 [0 OM: 229 21 10-5M: (64 [n vitro svnaptosomal release®
34 10 ¥M: 38% 46 10-5M: 32%,
94 Imglkg: 3000% 6 2 mg/kg: 2004 [n vivo dialysis, % of basal®
66 10 >M: 010 13 10-°M: 0.03 In vitro slices, fractional release™#
Mean 73 27
METH a2 10 *M: 180°% 48 [0 -5M: 165%, [n vitro synaptesomes, % of basal*"
6l 10-5M: (.02 39 10-2M: 0.013 [n vitra slices, fractional release®!
) 10 M: 011 30 10 "M 0.047
43 10 M 010 57 10-3M: 0130 In vitro slices, fractional release®?
Mcan 37 43
MDMA 46 1 oM 153% 34 10 -9M:185%, In vitro synaptosemes, % of basalsh
40 10 “M:115% B0 LM 170%, in vitro synaptosomes. % of basal®-?
11 10 M: 0.008 bt Hr M D.040 In vitro slices, ITactional released:
29 10 FM: 0.030 71 10 M 0.075
12 10 3M: 0.03 a8 L0-3M: 0.220 In vitro slices. fractional release®*
31 107 M 128%, 49 M 125, In vitrp shices, " of control®
43 1073M: 164% 57 1075M: 221 %
31 0 "M: 163% 49 107 0M: 136%, In vitro slices, % of control**
72 10 “M: 466% 31 1077 M: 201 %
Mean in 61
PCA d7 Smg/lkg 6la% 53 3mglke: 701 In viva dialysis, % of basal!
49 107°M: 183% 51 10~ "M: 1904, In vitro synaptoosmes. % of basal®
16 107%M: 0.005 %4 10 -°M: 0.027 In vitro slices, fractional release®!
33 10733 0.033 67 10 -*M: 0.570
7 107 5M: (.030 w3 10 M 0.400 In vitro slices. fractional release®
Mean 30 70
FEN ] 0 “M: 02% 94 10-0M: 32% In vitro synaptosomal release®
11 10 *M: 05%, 89 10-°M: 414%%
40 L0 "M 120% a0 10-°M: {80, In vitro synaptosomes, %o of basal®
4 [0 "M .01 96 10-°M 0.22 Ln vitro slices, fractional released s
24 12.5 mg/kg: 1804 79 12.5 mg/kg; 6384 Tn vivoe dialysis, " ol basall
Mean 16 84

*The DA/(DA+3HT) and SHT/IDA+5HT) ratios represent a standardization across the dilferent studies of the elfects of AMPH unzlogs
on DA release vs. 3HT release. For DAL this rutio 1s computed by summing the drug’s DA and SHT releasing elfeets, then dividing into
the DDA releasing ctfect. For exampie. the Kannengiesser et al. 119763 AMPH data in the hrst row ol the table has a4 DA release ratio of

S~

79. This value was arrived at by adding 2240 and 67, ungd dividing 2270 by the total. The SHT release ratio was arrived at through the
same caleulation. except the SHT release effect 15 in the numerator of the equation

"Values are approximations. read fram graphs in the referenced articles

“i+) isomer

4{—) isomer

®Kannengiesser 2t al. (1976). " release represents’s radioactivity lost relative to controls; both pellet and supernatant were measurcd
"Kuczenski and Segal (1989)

28chmidt et al. {1991). Fractional release refers to the following rasio: radioactivity released into the superfusion media divided by radioac-
tivity remaining in the slice. Each slice was treated with 2-3 different concentrations of drug with 20-min washout intervals between drug
"MecKenna et al. (1991). % basal release was defined as foilows: [100—amount of radioactivity remaining on filter {in synaptosomes)]+100
'Schmidt et al. (1987). Fractional release refers to the following ratio: radioactivity released into the superfusion media divided by radiouc-
tivity remaining in the slice. Each slice was treated with 2-3 different concentrations of drug with 20-min washout intervals between drug
ISharp et al. (1986)

% Johnson et al. {1986)

'Subol and Seiden. in preparation

however, rearing and holepokes are seen in AMPH-  Behavioral differences and dopamine-serotonin
treated rats but not in MDMA-treated rats (Paulus and  interactions induced by the AMPH derivatives

Geyer 1992). The differences in response rate increases

after AMPH and MDMA treatment reported here are  One explanation for the different behavioral effects
consistent with these other observed differences. observed for the AMPH-like compounds tested here is
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derived from their relative abilities to release dopamine
and serotonin. For example, the ECs, for (+) AMPH-
induced release of PH]DA in vitro is 4.4 uM; for FEN-
induced ["HJDA release in vitro the ECy, is 260 uM
(Liang and Rutledge 1982). Table 1 summarizes stud-
ies which compared the ability of AMPH analogs to
release DA and SHT. These studies made use of a vari-
ety of techniques including in vitro synaptosomal
release of preloaded [PH]|DA or PH]SHT, in vitro release
of labeled amine from slices, and in vivo dialysis. Most
of the data in this table come from in vitro experiments;
it 1s therefore difficult to extrapolate directly from these
data to the behavioral effects reported here. More in
vivo dialysis experiments, and perhaps the use of sero-
tonergic receptor antagonists in combination with the
amphetamine-iike drugs on the DRL 36-s schedule.
would both provide stronger support for the ideas pre-
sented here. In the absence of these direct supports,
however, we feel that the data reviewed in Table 1 do
provide us with a reasonable basis for interpreting our
behavioral data.

From the results summarized in Table [ it can be
seen that AMPH is the most selective DA releasing
agent, and FEN is the most selective SHT releasing
agent. The differential effects of the amphetamine
analogs on DA and SHT release correspond to their
effects on DRL 36-s schedule performance. The great-
est Iincrease in response rate was induced by AMPH.
which was also the most selective dopamine releaser.
There was no increase in response rate induced by FEN,
which is the most selective serotonin releaser. Similarly,
AMPH, METH, MDMA and PCA. which all cause
increases in dopamine release. also shifted the PkL
toward shorter IRT durations, [n contrast, FEN, which
has the weakest effect on DA release. had no effect on
PkL (see Table I, and Fig. 2).

DA and SHT often have different roles in the
mediation of behavior. For example. decreased sero-
tonergic activity has been shown to increase the motor
activity induced by AMPH (Breese et ul. 1974: Hoilister
et al. 1976: Segal 1976): or conversely. increases in
serotonergic activity have been shown to decrease
AMPH-induced locomotion {Carter and Pveock 1978;
Warbritton et al. 1978). This difference in the roles of
DA and SHT in the mediation of behavior suggests
that dopaminergic and serotonergic agents should have
different effects on the performance of the DRL 36-s
schedule. The results we obtained are consistent with-
this interpretation.

It is more difficult to predict what should happen to
behavior with drugs that release both DA and 5HT.
One possibility is that the released transmitters antag-
onize each other at the cellular level. Evidence against
this comes from in vivo dialysis experiments. Benloucif
and Galloway (1991) found that when FEN was per-
fused through the dialysis probe, dopamine was dose-
dependently increased. The increase in extracellular
dopamine was blocked by fluoxetine (a SHT uptuke

inhibitor) suggesting that the FEN-induced increase in
dopamine release was indirectly mediated by 4 FEN.
induced increase in serotonin. This conclusion is sup-
ported by Parsons and Justice (1993), who showed that
local administration of serotonin causes an increase in
extracellular levels of dopamine in vivo. A second pos-
sibility is that both dopaminergic and serotonergic
behaviors are stimulated, and compete for expression,
The serotonin syndrome of head weaving, forepaw
treading, flat body posture, locomotion {Trulson and
Jacobs 1976} s different from the stereotypies induced
by AMPH (locomotion and sniffing at low doses, and
focussed licking, gnawing, and biting at higher doses).
When both dopamine and serotonin release are
increased simultancously, they may induce behaviors
which compete with euach other. The dominant behay-
ioral response may in fact be incompatible with the tusk
requirements (Lyon and Robbins 1975: Robbins 1981),

In the experiments reported here, the difference in
the amount of DA versus SHT release induced by the
different amphetamine analogs may be reflected in the
degree of response rate increase, as well as the degree
of peak shift. The larger the DA contribution (relative
to the SHT contribution), the greater the increase in
response rate, and the greater the shift in the peak
toward shorter TRT durations. fncreased DA release
may disrupt DRL performance by increasing the prob-
ability of occurrence of behaviors which are compari-
ble with bar pressing resulting in increased response
rate and a decreased ability to wait between bar press
responses (decreased PKL). Increased SHT release may
disrupt DRL performance by increasing the probabil-
ity of occurrence of behaviors which are incomparible
with bar pressing. Thus, an increasing SHT contribu-
tion should act to counteract the response rate increas-
ing effects of DA resulting in less of an increase in
response rate, and less of a shift in PkL as is shown in
Fig. 2. Kuzcinski and Segal (1989) made a similar sug-
gestion regarding AMPH-induced behaviors. The loco-
moter increase (seen oniy at low dosesi may be
dopaminergic: however, when significant ncreases in
serotonin release occur (2.0 mg/kg) there is a transi-
tion from stereotypic locomotion to stereotypic lick-
ing, biting and gnawing. Kuzcinski and Segal (1989)
suggested that SHT plays a role in the behavioral tran-
sition from stereotypic locomotion to stereotypic oral
movements (see also Hollister et al. 1976: Segal 1976:
Warbritton ¢t al. 1978). In contrast, Paulus and Gever
(1992) analyzed the effects of several substituted
amphetamines on spontancous motor behavior. They
used a complex monitoring device which analyzed the
intensity, as well as pattern of drug-induced motor
activity. According to their analysis. a drug’s DA ver-
sus SHT releasing ability did not explain the behav-
toral differences they measured; rather, the SHTIB
receptor seemed to be the relevant factor.

In summary, AMPH, METH. MDMA, PCA,
and FEN have differential effects on the DRL 36-s



schedule. These results are interpreted to parallel
differences between the five drugs tested in their rela-
tive abilities to release DA and SHT.
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