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Interactions between Serotonin and Dopamine in the Control

of Impulsive Choice in Rats: Therapeutic Implications

for Impulse Control Disorders

Catharine A Winstanley*', David EH Theobald', Jeffrey W Dalley' and Trevor W Robbins'
'Department of Experimental Psychology, University of Cambridge, Cambridge, UK

Forebrain serotonergic lesions attenuate the ability of d-amphetamine to decrease impulsivity in a delay-discounting paradigm, potentially
through interactions between the serotonin (5-HT) and dopamine (DA) systems. Nucleus accumbens (NAC) lesions increase
impulsivity, but the extent to which accumbal DA is involved in regulating impulsive choice is unknown. In the current study, the effects of
intra-accumbal infusions of 6-hydroxydopamine (6-OHDA) on impulsive choice were evaluated, in combination with d-amphetamine
and serotonergic drugs, in order to investigate the importance of 5-HT : DA interactions in the control of impulsive behavior. Following
training on a delay-discounting task, animals received intra-NAC 6-OHDA or sham surgery. Postoperatively, subjects received systemic
injections of d-amphetamine (0, 0.3, 1.0, 1.5 mg/kg) and the 5-HT A receptor agonist 8-OH-DPAT (0, 0.1, 0.3, 1.0 mg/kg). Intra-NAC 6-
OHDA, which reduced local DA and NA levels by 70-75%, had no effect on delay-discounting, but transiently potentiated the d-
amphetamine-induced decrease in impulsive choice. 8-OH-DPAT (1.0 mg/kg) increased impulsivity in sham-operated controls, an effect
which was blocked by the 5-HT o receptor antagonist WAY 100635. However, 8-OH-DPAT had no effect on impulsivity in 6-OHDA
NAC lesioned rats. 8-OH-DPAT (0.3 mg/kg), which did not itself alter task performance, blocked the effect of d-amphetamine in sham-
operated controls, while WAY 100635 augmented the effect of amphetamine in all subjects. In an additional experiment,
intracerebroventricular administration of the selective serotonergic toxin 5,7-dihydroxytryptamine, which decreased forebrain 5-HT
levels by 85-90%, did not block 8-OH-DPAT's ability to increase impulsive choice. These data suggest a significant role for 5-HT : DA
interactions within the NAC in the control of impulsivity, and in the mechanism by which amphetamine decreases impulsive choice.

INTRODUCTION

One of the key symptoms of attention-deficit hyperactivity
disorder (ADHD) is a pathological increase in impulsive
behavior. For example, ADHD patients choose more
impulsively during delay-discounting tasks, where impul-
sivity is defined as the selection of a smaller immediate
reward over a larger delayed reward. ADHD is often treated
through administration of psychostimulant drugs such as
amphetamine and methylphenidate, yet the neural and
neurochemical basis underlying the decrease in impulsivity
caused by these drugs, and indeed of impulse control in
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general, is not fully understood. A growing body of evidence
has implicated the nucleus accumbens (NAC) in the
regulation of impulsive choice. This region is a key node
in the limbic corticostriatal loop, a circuit which is heavily
implicated in goal-directed behavior (Mogenson et al, 1980;
Alexander et al, 1990; Parkinson et al, 1999; Cardinal et al,
2002). Excitotoxic lesions of the NAC core have been shown
to dramatically increase impulsivity in a delay-discounting
procedure in rats (Cardinal et al, 2001). Furthermore,
abnormalities in dopamine (DA) release and gene expres-
sion have been observed in the NAC of the spontaneously
hypertensive rat, a potential animal model of ADHD (Papa
et al, 1997, 1998, 2002; Carey et al, 1998).

A number of studies have highlighted the importance
of DA within the NAC for many of the behavioral effects
of amphetamine. 6-Hydroxydopamine (6-OHDA) lesions
of the NAC, which markedly decrease local levels of DA
and noradrenaline (NA), have been shown to block
amphetamine-induced increases in locomotor activity
(Kelly et al, 1975; Koob et al, 1978), amphetamine-induced
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increases in motoric impulsivity (Cole and Robbins, 1989),
rate-dependent effects of amphetamine on schedule con-
trolled behavior (Robbins et al, 1983), as well as self-
administration of amphetamine and place preference
conditioned to the drug (Lyness et al, 1979; Spyraki et al,
1982). Furthermore, infusions of amphetamine directly into
the NAC produce similar effects to those of systemic drug
administration (Taylor and Robbins, 1984, 1986; Taylor and
Horger, 1999; Pijnenburg et al, 1976; Carr and White, 1987;
Burns et al, 1993). Moreover, the behavioral effects of intra-
accumbal DA can resemble those observed following intra-
accumbens and systemic administration of amphetamine
(Cador et al, 1991; Campbell et al, 1997).

The therapeutic effect of amphetamine administration
in ADHD has been largely attributed to the ability of this
drug to alter dopaminergic neurotransmission (Solanto,
1998). However, amphetamine increases levels of NA
and serotonin (5-HT) as well as DA (Kuczenski et al,
1987; Kuczenski and Segal, 1989, 1995; Balcioglu et al,
2003). Global 5-HT depletion, as achieved through intracer-
ebroventricular (i.c.v.) administration of the serotonergic
toxin 5,7-diyhydroxytryptamine (5,7-DHT), attenuated the
ability of amphetamine to decrease impulsive choice in a
delay-discounting task, particularly in more impulsive
individuals (Winstanley et al, 2003). Furthermore, the DA
antagonist cis-(z)-flupenthixol only blocked the anti-
impulsivity effects of amphetamine in serotonergically
lesioned animals and not in sham-operated controls,
indicating an interaction between 5-HT and DA in
mediating amphetamine’s effects on impulsive choice
(Winstanley et al, 2003).

8-OH-DPAT, a 5-HT 5 receptor agonist, acutely decreases
forebrain 5-HT levels via somatodendritic autoreceptors
located on serotonergic cells in the raphé nuclei (Bonvento
et al, 1992) and has been shown to block amphetamine-
induced increases in locomotor activity (Przegalinski et al,
1997) and to attenuate the increase in DA produced by
amphetamine administration (Ichikawa et al, 1995; Kuroki
et al, 1996). In contrast to the effects of i.c.v. 5,7-DHT
lesions (Winstanley et al, 2003, 2004), 8-OH-DPAT has
previously been shown to alter delay-discounting perfor-
mance (Bizot et al, 1999), although some effects have been
hard to interpret (Evenden and Ryan, 1999). In addition to
decreasing 5-HT release, 8-OH-DPAT alters DA levels in the
prefrontal cortex (PFC), NAC, and striatum in rats, but the
direction and magnitude of these effects appears to depend
critically on the dose and route used (Ahlenius et al, 1990;
Arborelius et al, 1993; Ichikawa et al, 1995; Ichikawa and
Meltzer, 2000).

The aims of the current study were therefore to
investigate the contribution of DA within the NAC to the
regulation of impulsive choice through locally depleting DA
within this area via infusions of 6-OHDA. Subsequently, the
effects of d-amphetamine and 8-OH-DPAT on delay-
discounting performance were assessed in these animals
as compared to sham-treated controls in order to further
explore the role of 5-HT and 5-HT : DA interactions within
the NAC in the control of impulsive behavior. In a
subsequent experiment, the effects of 8-OH-DPAT were
also determined in animals with i.c.v. 5,7-DHT lesions in
order to clarify further the mechanism by which 8-OH-
DPAT may be altering impulsive choice.
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MATERIALS AND METHODS
Subjects

Subjects were 34 male Lister Hooded rats (Charles River,
Kent, UK) weighing 300-320g at the start of each
experiment. Subjects were maintained at 85% of their
free-feeding weight and fed 14 g of food per day (inclusive of
any reward they obtained during the behavioral test
sessions). Animals were housed in groups of four under a
reverse light cycle (lights on from 1900 to 0700 hours) and
water was freely available. Testing took place between 0800
and 1900 hours 5-6 days per week. Experiments were
undertaken in accordance with the UK Animals (Scientific
Procedures) Act 1986.

Behavioral Testing

The behavioral apparatus and testing procedure have
previously been described in detail (Winstanley et al,
2003). In brief, testing occurred in eight operant condition-
ing chambers (Med Associates Inc., Vermont, USA) fitted
with two retractable levers located on either side of a food
magazine into which 45mg food pellets (Noyes dustless
pellets, Sandown Scientific, UK) could be delivered. The
apparatus was controlled by software written in Arachnid, a
real-time extension to BBC BASIC, running on Acorn
Archimedes series computers (Cambridge, UK).

Subjects first learned to respond on the levers for food
reward, and to nosepoke in the food magazine to trigger
presentation of the levers. Animals were then trained to
perform a delay-discounting task based on the original
paradigm developed by Evenden and Ryan (1996). Each
session lasted 100 min, and consisted of five blocks of 12
trials, each of which lasted for 100 s regardless of the choice
made by the subject. Each block of trials began with two
forced-choice trials. The onset of the houselight signalled
the beginning of each trial, whereupon the rat had to
nosepoke in the food magazine in order to trigger
presentation of the levers. If the rat failed to either respond
at the food magazine or subsequently on the levers within
10s, the trial was scored as an omission, and the box
returned to the inter-trial-interval (ITI) state with the
houselight extinguished until the next trial was scheduled to
begin. When the rat responded on one of the levers, the
houselight was turned off and the levers retracted. For each
rat, responding on one lever (lever A) always provided a
small immediate reward of one pellet, the other (lever B) a
large reward of four pellets. The location of levers A and B
were counterbalanced between subjects. As the session
progressed, the delay to the large reward was increased in
each block of trials in a step-wise fashion, from 0 to 10, 20,
40, and then 60 s. Onset of the traylight signalled delivery of
food, after which the box returned to the ITI state. Training
continued over 36 sessions until stable baseline behavior
was achieved.

Experiment 1

Surgery. A detailed description of the surgical procedure
has been provided previously (Dalley et al, 2002). In brief,
subjects were matched for baseline performance and
divided into two groups. Animals were anaesthetized with



ketamine (Ketaset, 100 mg/kg i.m.; Vet Drug, Bury St
Edmunds, UK) and xylazine (Rompun, 10 mg/kg i.m.; Vet
Drug). Subjects received bilateral intraccumbal infusions of
either vehicle (0.2mg/ml L-ascorbic acid in 0.9% saline;
n=2_8) or 6-OHDA (8 mg/ml free base; Sigma, UK) dissolved
in vehicle (n=10) at the following stereotaxic coordinates:
AP +3.4 from bregma, L +1.7 from the midline, DV: —7.2
from dura). The incisor bar was set at + 5.5 relative to
intra-aural zero. In total, 1 ul of solution was infused over
2min (total amount of 6-OHDA infused per side =28 pug).
Subsequent to the completion of the surgical procedure,
animals had free access to food and water in their home
cages for 7 days prior to retesting on the delay-discounting
task.

Experiment 1.1: Effect of d-amphetamine on delay-
discounting performance in both sham-operated and
6-OHDA NAC lesioned rats. For consistency, the drug
regimen was based on that utilized in previous experiments
using this behavioral paradigm (Cardinal et al, 2000;
Winstanley et al, 2003), and began following collection of
postoperative baseline data necessary for analysis of the
lesion. Injections were given in sets of 6 consecutive days in
the following order: saline, 0.3 mg/kg amphetamine, saline,
1.0 mg/kg amphetamine, saline, 1.5mg/kg amphetamine.
This dose regimen was repeated twice to check for any
changes in the response to amphetamine over time, with a
10-day washout period between each replication during
which time animals were tested every other day. The study
took 3 weeks in total. Each rat received the same drug on
the same days. Repeated saline injections were included in
the drug design so that the effect of each injection could be
compared against the immediately preceding vehicle ses-
sion so as to increase the power for detecting drug effects
with gradually shifting baselines.

Experiment 1.2: Effect of the 5-HT;4 receptor agonist
8-OH-DPAT on delay-discounting performance in both
sham-operated and 6-OHDA NAC lesioned rats. One week
passed between the completion of experiment 1.1 and the
beginning of experiment 1.2 during which time animals
were tested every other day. Three doses of 8-OH-DPAT
(0.1, 0.3, and 1.0 mg/kg i.p.) plus vehicle were administered
15min before the task began according to a Latin square
drug design. In order to ascertain whether the effects of
8-OH-DPAT were due to activation of 5-HT;, receptors,
injections of 1.0mg/kg 8-OH-DPAT and of vehicle were
repeated, preceded 10min earlier by an injection of the
selective 5-HT;, receptor antagonist WAY 100635 (0.1 mg/
kg s.c.), according to a counter-balanced design. Animals
received injections of drug on Tuesday and Friday, and were
tested without drug on Monday and Thursday.

Experiment 1.3: Effect of combined administration of
d-amphetamine and 8-OH-DPAT or WAY 100635 on
delay-discounting performance in both sham-operated
and 6-OHDA NAC lesioned rats. One week passed between
the completion of experiment 1.2 and the beginning of
experiment 1.3 during which time animals were tested every
other day. The three doses of amphetamine used in
experiment 1.1 (0.3, 1.0, 1.5mg/kg i.p.) plus vehicle were
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administered 10 min before the start of the task according
to a Latin square drug design. On each test day, 15min
before the injection of amphetamine or saline was given,
an intraperitoneal injection of 0.3 mg/kg 8-OH-DPAT was
administered. A week after the end of this study, during
which time animals were tested every other day, the effects
of coadministration of WAY 100635 (0, 0.1 mg/kg s.c.) and
amphetamine (1.5 mg/kg i.p.) were evaluated according to a
crossover design. Again, WAY 100635 was administered
15min prior to the amphetamine injection. Animals
received injections of drug on Tuesday and Friday, and
were tested without drug on Monday and Thursday.
Animals remained in their home cages on all other days.

Experiment 1.4: Effect of administration of amphetamine
and apomorphine on locomotor activity in both
sham-operated and 6-OHDA NAC lesioned rats. One week
passed between the completion of experiment 1.3 and the
beginning of experiment 1.4. Locomotor activity was
assessed in individual activity cages over 2h at approxi-
mately the same time each day. A total of 12 activity cages
(25 x 40 x 18 cm) were used, each with two photocell beams
located 1 cm above the floor and spaced equally along the
length of the cage. A ‘run’ was scored if the two beams
were broken within 0.2 s. The data were collated over 5 min
bins using software running on an Acorn Archimedes
series computer (Cambridge, UK). Following two habitua-
tion sessions, animals were given apomorphine (0.03 or
0.1 mg/kg, s.c.) or saline according to a Latin square design.
After 1 week, animals received either amphetamine (0.3 or
1.5 mg/kg i.p.) or saline according to a Latin square design.
Drugs were given every other day. In-between test days, the
animals remained in their home cages.

In total, the behavioral testing for experiment 1 took
approximately 4 months to complete after surgery.

Experiment 2

Surgery. A detailed description of the surgical procedure
has been previously published (Winstanley et al, 2003). In
brief, subjects were matched for baseline performance and
divided into two equal groups (n = 8), one of which received
i.c.v. 57-DHT lesions, the other corresponding sham
surgery, under Avertin anaesthesia (10g 2,2,2-tribromo-
ethanol (Fluka, Germany) in 5g tertiary amyl alcohol,
diluted in a solution of 40 ml ethanol and 450 ml phosphate-
buffered saline (PBS)) using standard stereotaxic techni-
ques. All rats were treated 30 min before the start of surgery
with 15mg/kg desmethylimipramine HCl (Sigma, UK)
dissolved in double distilled water to protect noradrenergic
neurons from the neurotoxin. After surgery, animals had
free access to food and water in their home cages for 10 days
prior to retraining on the delay-discounting task to
allow for the degeneration of 5-HT-containing neurons
(Bjorkland et al, 1975).

Experiment 2.1: Effect of 8-OH-DPAT on delay-
discounting performance in both sham-operated and
i.c.v. 57-DHT lesioned rats. The drug regimen began
following collection of postoperative baseline data necessary
for analysis of the lesion. Three doses of 8-OH-DPAT (0.1,
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0.3 and 1.0 mg/kg IP) plus vehicle were administered 15 min
before the task began according to a Latin square drug
design.

Ex vivo lesion analysis. The day after the final drug
injections, all subjects were killed through exposure to
increasing concentrations of carbon dioxide. A detailed
description of the ex vivo analysis procedure has been
provided previously (Dalley et al, 2002, Winstanley et al,
2003). In brief, the brains were rapidly removed and frozen
on dry ice. Samples of tissue (~ 0.4 mg) from discrete brain
regions were obtained using a micropunch from coronal
slices (150 um thickness) cut on a cryostat. Levels of DA,
5-HT, and their metabolites dihydroxyphenylacetic acid
(DOPAC) and 5-hydroxyindoleacetic acid (5-HIAA), and
NA were determined in samples of brain tissue taken from
discrete regions by reversed phase high-performance liquid
chromatography (HPLC).

Drugs. All drugs were made up fresh on each test day and
were obtained from Sigma (UK). Both d-amphetamine
sulfate and 8-OH-DPAT were dissolved in sterile 0.9%
saline. All doses were calculated as the salt. WAY 100635
was dissolved in 0.01 M PBS. Doses were calculated as the
free base. All drug injections were given in a different
location from the testing room and the room where the
animals were housed.

Data analyses. All analyses were conducted using SPSS for
Windows (version 9.0; SPSS, Chicago, IL, USA). The total
number of choices of the large reward during each delay per
session was used to analyze choice behavior. The number of
omissions made did not affect this choice measure. These
data were subjected to an arcsine transformation in order to
limit the effect of an artificially imposed ceiling (10
responses per delay was the maximum possible per session).
In order to judge whether an animal had successfully
acquired the task and reached stable baseline performance,
data from 10 sessions were analyzed by repeated-measures
ANOVA with two within-subjects factors, DAY and DELAY.
In order to satisfy performance criteria, the effect of DELAY
had to be significant at the p<0.05 level and the effect of
DAY nonsignificant, that is, performance had to be delay-
dependent and stable over 10 sessions, regardless of the
pattern of choice shown.

Once stable behavior had been attained, the individual
variation within the subject group was analyzed through
fitting an exponential curve to data from individual subjects
of the form:
y=e (k)
where y =number of choices of the large reward, d = delay
to the large reward.

The coefficient k determined the rate of exponential decay
of choice of the larger delayed reward with time. Subjects
were matched for baseline performance using the k values
so that the same range of behavioral variation was present
in both sham and lesioned animals (for more detail, see
Winstanley et al, 2003).

The effects of the neurotoxic lesions were assessed
through comparison of data collected over the final seven
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preoperative sessions and the first seven postoperative
sessions. Data were analyzed using a repeated measures
ANOVA with SURGERY (two levels, pre-op and post-op),
DAY and DELAY as within-subjects factors. The post-op
data were also subjected to a repeated-measures ANOVA
with DAY and DELAY as within-subjects factors and
LESION as a between-subjects factor. In addition to the
number of choices of the large reward made per delay, the
total number of omissions made per session and the average
time taken to respond on either lever (response latency) per
session were also analyzed.

Data from drug studies were analyzed by repeated-
measures ANOVA, with DRUG and DELAY as within-
subjects factors and LESION as a between-subjects factor.
Owing to repeated administration of amphetamine, a
further ANOVA was performed on data from the two
courses of administration, with REPLICATION, DOSE, and
DELAY as within-subjects factors and LESION as a
between-subjects factor. For each course of drug injections,
the average response to the saline injection for that round
was calculated and entered into the ANOVA. If there was a
significant main effect of DOSE, that dose of amphetamine
was compared against the vehicle injection which directly
preceded it. In order to assess whether WAY 100635 had
blocked the effect of 8-OH-DPAT, the effect of 8-OH-DPAT
alone was compared to the effect of 8-OH-DPAT plus WAY
100635. Data were analyzed by repeated-measures ANOVA
as before with ANTAGONIST (two levels: present or
absent), DOSE, and DELAY as within-subjects factors and
LESION as a between-subjects factor.

Similarly, in order to assess any interactions between 8-
OH-DPAT or WAY 100635 and amphetamine, the effect of
amphetamine alone was compared to the effect of
amphetamine plus each serotonergic drug. Data were
analyzed by repeated-measures ANOVA as before with
AGONIST (in the case of 8-OH-DPAT) or ANTAGONIST
(in the case of WAY 100635) as a within-subjects factor with
two levels (present or absent). DOSE and DELAY were also
included as within-subjects factors, and LESION as a
between-subjects factor. Significant DOSE x DELAY and
DOSE x DELAY x LESION effects were followed up using
either further ANOVA examining responses to single drug
doses over delay, or paired-sample t-tests comparing either
sham and lesion data or vehicle and drug data at different
delays.

Locomotor activity data were analyzed by repeated
measures ANOVA with BIN as a within-subjects factor
and LESION as a between-subjects factors. The effects of
amphetamine and apomorphine were also determined by
repeated-measures ANOVA, with DOSE and BIN as within-
subjects factors and LESION as a between-subjects factors.
If a main effect of DOSE was observed, a further ANOVA
was performed of similar design comparing each dose of
drug to saline.

RESULTS
Experiment 1

Lesion assessment. As shown in Table 1, levels of DA and
NA were markedly reduced within the NAC of rats with
6-OHDA lesions as compared to sham-operated controls
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Table | Tissue Concentrations of 5-HT, 5-HIAA, DA, DOPAC, and NA in Cortical and Striatal Areas of NAC 6-OHDA Lesioned and

Sham-Operated Rats

5-HT 5-HIAA DA DOPAC NA

Region Sham Lesion Sham Lesion Sham Lesion Sham Lesion Sham Lesion

IL 090 (0.19) 078 (0.17) 397 (0.66) 3.65(0.52) 051 (04l) 0.57 (0.99) 122 (0.72) 051 (0.13) 261 (0.39) 1.60 (1.09)
PRL 074 (0.17) 054 (0.08) 340 (059) 320 (039) 070 (0.07) 042 (0.04) 1.00 (0.8) 0.36 (0.07) 3.88 (1.27) 148 (1.09)
ACx 055 (0.08) 048 (007) 192 (036) 236 (022) 051 (0.07) 043 (0.06) 0.82 (0.18) 0.32 (0.07) 3.05 (1.14) 243 (1.06)
M 0.68 (0.14) 050 (007) 1.37 (032) 140 (0.12) 038 (0.05) 048 (0.06) 0.50 (0.14) 0.29 (0.08) 257 (1.14) 244 (1.06)
DLS 043 (0.08) 041 (0.04) 146 (030) 1.23(025) 3851 (336) 41.10 (6.14) 13.13 (280)  14.95 (2.00) 027 (0.19) 0.13 (0.07)
DMS 032 (003) 027 (0.03) 1.12(©21) 1.1l (021) 3168 (237) 2293 (3.30) 19.03 (2.63) 1526 (1.81) 0.16 (1.32) 0.10 (0.05)
VLS 047 (0.10) 048 (0.07) 1.62 (037) 1.63 (023) 2839 (1.88)  30.62 (4.06) 1542 (1.54) 1255 (1.06) 022 (0.29) 0.16 (0.08)
VMS 0.66 (0.11) 049 (0.11) 1.58 (036) 1.68 (0.35) 22.12 (250)  17.50 (2.74) 17.16 (1.74) 1562 (1.76) 047 (0.22) 0.54 (0.29)
NAC 099 (0.17) 084 (0.17) 230 (050) 279 (049) 13.66 (1.85) 4.06* (0.84) 11.97 (2.82) 4.06* (1.03) 13.33 (1.76) 3.21* (1.21)

The data are averaged levels (4 SEM) expressed as pmol/mg to two decimal places. Levels of accumbal DA, DOPAC and NA are highlighted in bold.

*Indicates a significant difference (p <0.05) between sham and lesioned groups.

IL, infralimbic cortex; PRL, prelimbic cortex; Acx, anterior cingulate cortex; M1, primary motor area; DLS, dorsolateral striatum; DMS, dorsomedial striatum; VLS,

ventrolateral striatum; VMS, ventromedial striatum; NAC, nucleus accumbens.
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postoperative sessions.

(DA: 70.3%; NA: 75.9%), but not in surrounding brain
areas. Levels of NA also appeared to be slightly lower in the
frontal cortex of NAC 6-OHDA lesioned rats, yet these
differences did not reach statistical significance. This level
of depletion is typical of that found with this lesion protocol
(eg Dalley et al, 2002; Richards et al, 2002), and allows valid
comparisons to be made between this study and others that
have used similar methodology. Levels of 5-HT and 5-HIAA
were unaffected by the 6-OHDA lesion in any brain region
tested.

Effect of 6-OHDA NAC lesions on delay-discounting
performance. 6-OHDA lesions of the NAC had no effect
on impulsive choice (Figure 1), as indicated by the absence
of a significant difference in postoperative performance
between sham and lesioned groups (LESION: F; ;5= 0.059
NS, LESION x DELAY: F,s=0.481, NS). Performance
following surgery was not significantly different from that
preceding surgery, as indicated by nonsignificant effects of

Lack of effect of 6-OHDA lesions of the NAC on delay-discounting performance. Data shown are mean and SEM from seven stable

SURGERY (F;;4=0.483, NS) or SURGERY x LESION
interactions (F;;4=1.400, NS). In addition, animals with
6-OHDA lesions made a similar numbers of omissions
(LESION: Fy ;s =3.007, NS), and were just as fast to make a
correct response (LESION: F, ;4= 3.453, NS) or collect food
reward (LESION: F,,;s=1.393, NS) as sham-operated
controls (see Table 2). Although the mean data values
indicate that the lesioned animals were slightly faster to
make these responses, these differences were not significant.

Effect of d-amphetamine on delay-discounting perfor-
mance. Considering the data averaged over both courses of
drug administration, amphetamine significantly increased
choice of the large reward across delay (DOSE x DELAY:
Fi219, =1.952, p<0.031; Figure 2). The ability of ampheta-
mine to alter choice behavior was evident in both
sham-operated and lesioned animals, as evidenced by non-
significant DOSE x LESION (F;; =0.254, NS) or DOSE x
DELAY x LESION terms (F,; =1.296, NS). However, when

Neuropsychopharmacology



Serotonin—-dopamine interactions in impulsivity
CA Winstanley et al

o

Shams
10

Mean number of choices of large reward

6-OHDA NAC lesions

—— 5| INE

— =g = 1.0mg/kg amphetamine

0 10 20 40 60

Delay (s)

- ey == () 3mg/kg amphetamine
seredperees 1.5mg/kg amphetamine

Figure 2 Effects of amphetamine (0, 0.3, 1.0, I.5mg/kg i.p.) on delay-discounting performance in rats with 6-OHDA lesions of the NAC and sham-
operated controls. Data shown are the population mean and SED of choice behavior averaged over both rounds of administration. The average response to
the saline injections administered in each round was calculated, and then these data were pooled.
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Figure 3 Effects of amphetamine (0, 0.3 mg/kg i.p.) in course | and course 2 on delay-discounting performance in rats with 6-OHDA NAC lesions and

sham-operated controls. Data shown are mean and SED.

the two courses of drug injections were compared, there was
a significant REPLICATION x DOSE interaction (F;45=
3.560, p<0.021), suggesting that the response to one or
more of the drug doses altered between the first and second
courses of amphetamine administration. The response to
the saline injections did not vary significantly (INJECTION:
FS,SO = 1.516, NS).

When the effects of each dose were analyzed separately
against saline, a significant REPLICATION x DOSE x
DELAY effect was observed with the lowest dose of
amphetamine used (F,q,=4.096, p<0.005, Figure 3).
Further statistical analysis revealed that the lesioned
animals appeared to be more sensitive to the effects of
0.3mg/kg amphetamine after the first administration
(DRUG x DELAY x LESION:  Fy, 0, =2.120, p<0.026).
However, when the amphetamine injections were repeated,
no significant differences were observed in the response to
amphetamine between sham-operated and lesioned subjects

Neuropsychopharmacology

Table 2 The Average Number of Trials Omitted, the Latency to
Make a Response, and the Latency to Collect Reward in Subjects
with 6-OHDA Lesions of the NAC and Sham-Operated Controls

Sham Lesion
Omissions [.14 (0.16) 0.33 (0.13)
Response latency (s) 1.02 (0.01) 0.81 (0.02)
Collection latency (s) 0.38 (0.01) 0.30 (0.01)

Data shown are mean (SEM) over seven postoperative sessions.

(DRUG x DELAY x LESION: F, 19, =0.357, NS). In accor-
dance with previous results (Winstanley et al, 2003),
administration of these doses of amphetamine did not
affect the number of trials omitted (DOSE: F;45=1.450,
NS), the latency to respond (DOSE: F; 45 =2.180, NS) or the



latency to collect reward (DOSE: F; 45 =0.920, NS; data not
shown, see Table 2 for baseline values).

Effect of 8-OH-DPAT on delay-discounting performance.
The 5-HT, 4 receptor agonist 8-OH-DPAT had the opposite
effect to amphetamine, increasing choice of the small
immediate reward across delay at the highest dose
(DOSE x DELAY: Fy, 50 =16.481, p<0.0001; 1.0mg/kg vs
vehicle: DOSE x DELAY: F, 4, =2.656, p<0.041, Figure 4).
However, this effect was completely blocked in animals
with 6-OHDA NAC lesions (DOSE x DELAY x LESION:
Fi2.180=1.892, p<0.038; 1.0mg/kg vs vehicle: DOSE X
DELAY x LESION: Fy,¢=4.528, p<0.003). 8-OH-DPAT
did not affect the number of trials omitted (DOSE: F; 45 =
1.783, NS), hence subjects were still motivated to earn
reinforcement. The latency to respond and the latency to
collect reward were also unaffected by the drug (response
latency: DOSE: F; 45 =1.857, NS; collection latency: DOSE:
F; 45 =1.900, N§S; data not shown, see Table 2 for baseline
values). Furthermore, the effect of 8-OH-DPAT to increase
impulsive choice in sham animals was blocked by prior
administration of the 5-HT;, receptor antagonist WAY
100635 (ANTAGONIST: F;5=6.906, p<0.03), indicating
that the change in behavior observed following 8-OH-DPAT
injections can be attributed to its action at 5-HT;4
receptors. WAY 100,635 had no effect on behavior when
administered alone in either sham-operated or lesioned
animals (DOSE: F;;5=1.143, NS; DOSE x LESION: F, s
<1, NS).

Effect of coadministration of 8-OH-DPAT and d-amphe-
tamine on delay-discounting performance. The highest
dose of 8-OH-DPAT, which did not affect choice behavior
(0.3 mg/kg), was selected for use in this part of the study. In
addition, it is comparable to the dose used in a previous
study to investigate the effects of 5-HT,, receptor stimula-
tion on cocaine-induced hypermotility (De La Garza and

Shams
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Cunningham, 2000). A significant AGONIST x DOSE inter-
action was observed, indicating that coadministration of the
5-HT, 5 receptor agonist was altering the response profile to
amphetamine (AGONIST x DOSE: F;45=4.353, p<0.009,
Figure 5). However, there were significant differences
between sham-operated and lesioned subjects in their
response to coadministration of the drugs (AGONIST x
DELAY x LESION: F, ¢ =3.456, p<0.025). In sham-
operated animals, prior administration of 8-OH-DPAT
blocked the ability of amphetamine to increase choice
of the large reward (AGONIST x DOSE: F;,,=3.123,
p<0.045). When only the data from the coadministration
of 8-OH-DPAT and amphetamine were analyzed, there was
no longer a significant delay-dependent effect of ampheta-
mine (DOSE x DELAY: Fy;95=0.932, NS). In the lesioned
animals, the ability of 8-OH-DPAT to block the effect
of amphetamine was still evident (AGONIST x DOSE x
DELAY: Fy;g,=2.161, p<0.021), but when the data from
the coadministration of 8-OH-DPAT and amphetamine
were analyzed alone, a significant delay-dependent effect
of amphetamine was nevertheless still observed (DOSE x
DELAY: Fj;96=2.610, p<0.015). Coadministration of
8-OH-DPAT and amphetamine did not affect the number
of omissions made (AGONIST x DOSE: F;45=0.276, NS),
the latency to make a response (AGONIST x DOSE:
F;,45=0.422, NS), or the latency to collect reward
(AGONIST x DOSE: F;45=0.046, NS; data not shown, see
Table 2 for baseline values).

To summarize, systemic 8-OH-DPAT completely blocked
the ability of amphetamine to decrease impulsive choice in
sham-operated animals, but the 8-OH-DPAT-induced
blockade of amphetamine’s effects was only partial in
animals with 6-OHDA NAC lesions.

Effect of coadministration of WAY 100635 and ampheta-
mine on delay-discounting performance. The same dose of
WAY 100635 was used in this part of the experiment as in

6-OHDA NAC lesions

0 0
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——  saline ———ye—=—=  0.1mg/kg 8-OH-DPAT
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—C— Saline + 0.1mg/kg WAY 100635
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Figure 4 Effects of administration of the 5-HT | 5 receptor agonist 8-OH-DPAT (0, 0.1, 0.3, 1.0 mg/kg i.p.), and coadministration with the 5-HT | A receptor
antagonist WAY 100635 (0.1 mg/kg s.c.) on delay-discounting performance in rats with 6-OHDA lesions of the NAC and sham-operated controls. Data

shown are mean and SED.
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discounting performance in rats with 6-OHDA lesions of the NAC and sham-operated controls. Data shown are mean and SED.
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Figure 6 Effects of coadministration of the 5-HT o receptor antagonist WAY 100635 (0, 0.1 mg/kg s.c.) and amphetamine (0, 1.5 mg/kg i.p.) on delay-

discounting performance in rats with 6-OHDA lesions of the NAC and sham-operated controls. Data shown are mean and SED.

experiment 1.3, as it had no effect on delay-discounting
performance. Only the highest dose of amphetamine was
tested in combination with WAY 100635. The decrease in
impulsive choice observed following amphetamine admin-
istration was similar to that observed in experiment 1.1
(REPETITION: F,;3<1, NS). Comparing the effects of
amphetamine alone with those observed following WAY
100635 plus amphetamine, a significant main effect of
ANTAGONIST was observed (F;;5=13.967, p<0.002,
Figure 6). The coadministration of the 5-HT,, receptor
antagonist had the opposite effect to coadministration of
the 5-HT 5 receptor agonist 8-OH-DPAT in that it appeared
to augment the ability of amphetamine to increase choice
of the large reward (ANTAGONIST x DRUG x DELAY:
Fy60=9.109, p<0.009). These effects of WAY 100635 were
particularly pronounced when the delay to the large reward
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were short (10 s: ANTAGONIST: F, ;s =4.451, p<0.035) but
were no longer evident at the longer delays (60s:
ANTAGONIST: F, ;5=1.656, NS). Furthermore, this effect
was present in both sham and lesioned animals (ANTAG-
ONIST x LESION: F460<1, NS; ANTAGONIST x DRUG x
DELAY x LESION: F, o = 1.292, NS). As the selective 5-HT 5
receptor antagonist WAY 100635 had such pronounced
effects on the ability of amphetamine to modify choice
behavior, attempting to block the effects of 8-OH-DPAT using
this dose of WAY 100635 did not seem to be a valid approach.

Coadministration of WAY 100635 and amphetamine did
not affect the number of omissions made (ANTAGONIST:
Fy60=0.394, NS), the latency to make a response (AN-
TAGONIST: Fy0=1.550, NS), or the latency to collect
reward (ANTAGONIST: F, o =0.792, NS) (data not shown,
see Table 2 for baseline values).



Effect of 6-OHDA NAC lesions on locomotor activity.
Animals with 6-OHDA NAC lesions showed higher levels of
spontaneous locomotor activity (LESION: F,;,=10.366,
p<0.007, Figure 7). Apomorphine significantly increased
locomotor behavior at the highest dose given (DOSE:
F, 16 = 14.126, p<0.002; 0.1 mg/kg vs saline: Fy 3 =25.100,
p<0.0001) in both sham and lesioned animals. Adminis-
tration of 0.03 mg/kg apomorphine did not significantly
alter locomotor activity in either group (DOSE: F; 3=
0.568, NS). A similar pattern of effects was observed when
the data were transformed into the percentage change in
activity from baseline levels, in that the lower dose has no
effect (DOSE: F,,s=28.370, p<0.004; 0.3 mg/kg vs saline:
DOSE: F; ;5=0.266, NS), whereas the higher dose signifi-
cantly increased activity (DOSE: F, ;5 =23.680, p <0.0001).
However, in terms of changes from baseline performance,
the increase in activity was significantly greater in sham-
operated animals compared to those with 6-OHDA NAC
lesions (DOSE x LESION F; ;5 =4.029, p<0.041; DOSE X
LESION: F, ;;=4.938, p<0.045).

Both 0.3 and 1.5mg/kg amphetamine increased locomo-
tor activity in keeping with previous reports (DOSE:
F,6=217.94, p<0.001; 0.3mg/kg, DOSE: F,,;=85.6,
p<0.001; 1.5mg/kg, DOSE: F, 3= 310.71, p<0.001). How-
ever, at the highest dose tested, the increase in activity was
significantly more pronounced in sham-operated animals
(DOSE x LESION: F, ,¢ = 8.855, p<0.003, 0.3 mg/kg DOSE x
LESION =F, ;5=1.465, NS; 1.5mgkg F,3=7.287,
p<0.02). This difference can be seen more clearly when
plotting the data as the percentage change in activity from
baseline levels (DOSE x LESION: F,,s=>5.237, p<0.012;
0.3mg/kg DOSE x LESION; F,,;=0.019, NS; 1.5mg/ke:
F,13=4.417, p<0.046). However, analyzing the change in
locomotor activity as a percentage change from baseline
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Figure 7 Effects of apomorphine (0, 0.03, 0.1 mg/kg s.c) (a, b) and
amphetamine (0, 0.3, 1.5mg/kg ip.) (¢, d) on locomotor in rats with
6-OHDA lesions of the NAC and sham-operated controls. Data shown
are mean and SEM.
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levels observed following administration of both apomor-
phine and amphetamine implies that any apparent ‘block-
ade’ of the effects of higher doses of drug in animals with
6-OHDA NAC lesions was due to the fact that they were
spontaneously hyperactive, and therefore may not increase
their activity to the same degree following administration of
stimulant drugs due to ceiling effects.

Experiment 2

Lesion analysis. In keeping with previous reports (eg
Winstanley et al, 2003, 2004), i.c.v. 5,7-DHT produced an
85-90% decrease in levels of 5-HT and 5-HIAA in all
regions tested (see Table 3). Levels of DA, DOPAC, and NA
were unaffected.

Experiment 2.1 Effect of 8-OH-DPAT in i.c.v. 57-DHT-
lesioned rats on delay-discounting performance. Selective
5-HT depletion did not alter impulsive choice as measured
by this delay-discounting paradigm in accordance with
previously published data (Winstanley et al, 2003; SUR-
GERY x LESION: F;;,=0.422, NS; comparing data from
postoperative sessions only: LESION: F,,,=0.632, NS,
LESION x DELAY: F,;s5=0.176, NS). As in experiment
1.2, 8-OH-DPAT increased choice of the small immediate
reward across delay (DRUG: F;39=9.415, p<0.001,
Figure 8). This effect was observed in both i.c.v. 5,7-DHT-
lesioned animals and sham-operated controls (DRUG X
LESION: Fj 3, = 1.249, NS).

DISCUSSION

Intra-NAC 6-OHDA did not alter delay-discounting perfor-
mance, nor did this manipulation block the ability of
amphetamine to decrease impulsive choice, suggesting that
the effects of amphetamine on this task are not dependent
on the mesolimbic dopaminergic innervation of the NAC.
However, 6-OHDA NAC lesions, but not global forebrain 5-
HT depletion, prevented the 5-HT;, receptor agonist 8-OH-
DPAT from increasing impulsivity, an effect which was itself
blocked by prior administration of the selective 5-HT,
receptor antagonist WAY 100635. Intra-NAC 6-OHDA also
attenuated 8-OH-DPAT’s propensity to prevent ampheta-
mine from decreasing impulsive choice. Hence, it would
appear that the ability of 8-OH-DPAT to increase impulsiv-
ity and block the amphetamine-induced decrease in
impulsivity arises through interactions between the 5-HT
and DA systems. The finding that WAY 100635 augmented
the effects of amphetamine on delay-discounting further
reinforces the suggestion that the 5-HT system is critically
important in mediating these behavioral effects of the
psychostimulant.

Efficacy of the 6-OHDA NAC Lesion: Possible Functional
Compensation

In contrast to a recent report in which animals were
assessed 2 weeks postoperatively (Dalley et al, 2002),
animals with 6-OHDA NAC lesions in this study were
spontaneously hyperactive. It has been demonstrated that,
although locomotor activity is not affected 2-3 weeks after
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Table 3 Tissue Concentrations of 5-HT, 5-HIAA, DA, DOPAC, and NA in Cortical, Striatal, and Limbic Areas of l.c.v. 57-DHT Lesioned
and Sham-Operated Rats

5-HT 5-HIAA DA DOPAC NA

Region Sham Lesion Sham Lesion Sham Lesion Sham Lesion Sham Lesion

PrL 0.15 (0.10) 0.00* (0.00) 542 (2.07) 0.29* (0.14) 3.93 (0.86) 341 (0.86) 1.72 (0.40) 1.57 (0.51) 457 (097)  3.15 (0.64)
ACx 0.10 (0.04) 0.00* (0.03) 448 (4.09) 0.14* (0.14) 1.90 (0.77) 1.77 (1.30) 1.0l (0.56) 1.03 (0.34) 351 (057) 281 (0.69)
NAC 020 (0.10) 0.01% (0.01) 605 (1.40) 1.23* (0.34) 3842 (12.64) 2096 (10.01) 2800 (15.00) 26.19 (1687) 1033 (446) 9.81 (5.12)
DMS 0.12 (0.10) 0.00* (0.00) 396 (0.60) 0.60* (0.32) 39.70 (1343) 2437 (11.02 42.14 (1430) 37.77 (1283) 0.14(0.15) 0.15 (0.11)
DLS 0.12 (0.05) 0.00* (0.00) 427 (0.38) 0.41% (0.21) 14.16 (622) 1326 (440) 3998 (15.03) 31.04 (1253) 072 (0.67)  0.30 (0.28)
Amyg 020 (0.08) 0.10% (0.1) 544 (1.44) 0.63* (0.54) 1.7 (0.77) 3.89 (0.70) 5.04 (2.03) 4.59 (3.60) 591 (1.14) 581 (1.46)
VHPC 021 (0.09) 0.00% (0.00) 587 (0.71) 0.35%(0.17) 0.78 (0.25) 0.50 (0.12) 0.10 (0.01) 0.25 (0.35) 839 (2.17) 581 (146)
DHPC  0.13 (0.13) 0.00* (0.00) 4.83 (2.71) 0.09* (0.09) 1.20 (0.15) 0.55 (0.20) 051 (0.29) 0.28 (0.58) 488 (0.64)  5.09 (1.20)
SEP 021 (0.07) 0.00% (0.00) 430 (0.47) 0.66* (0.12) 1.64 (0.44) 299 (0.61) 595 (2.63) 434 (2.10) 9.95 (1.96) 10.06 (1.80)
HYP 0.20 (0.09) 0.02* (0.01) 536 (0.99) 1.84* (0.50) 37.86 (14.18) 2884 (1240) 057 (0.32) 0.88 (042) 1532 (257) 11.90 (3.26)

These data are averaged levels (+SEM) expressed as pmol/mg to two decimal places. Levels of 5-HT and 5-HIAA in lesioned animals are highlighted in bold.
*Indicates a significant difference (p <0.05) between sham and lesioned groups.
PrL, prelimbic cortex; ACx, anterior cingulate; NAC, nucleus accumbens; DMS, dorsomedial striatum; DLS, dorsolateral striatum; Amyg, amygdala; VHPC, ventral

hippocampus; DHPC, dorsal hippocampus; SEP, septum; HYP, hypothalamus.
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Figure 8 Effects of 8-OH-DPAT on delay-discounting performance in i.cv. 57-DHT lesioned rats and sham-operated controls. Data shown are mean

and SED.

6-OHDA NAC lesions, hyperactivity is observed in the same
animals 2-3 months postsurgery (Parkinson et al, 2002).
Similarly, although NAC 6-OHDA lesions initially block
amphetamine-induced hypermotility, this locomotor re-
sponse to amphetamine recovers within 3 months (Kelly
et al, 1975) in keeping with the results presented here. Such
temporally dependent effects of NAC 6-OHDA lesions
strongly suggests that functional compensation occurs
within the remaining dopaminergic and noradrenergic
neurons, particularly as the lesions only reduce dopamine
levels by around 70% (Jones and Robbins, 1992). However,
a similar deficit in behavioral performance (in an auto-
shaping paradigm) was observed in 6-OHDA NAC lesioned
animals (Dalley et al, 2002), regardless of the time point at
which testing occurred. Furthermore, any functional
compensation that occurred in the current study was
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insufficient to prevent the lesion from blocking the effects
of 8-OH-DPAT’s effects, strongly suggesting that these
mechanisms were not sufficient to fully restore normal DA
and NA function within the NAC.

In keeping with a previous report using an alternative
delay-discounting procedure (Richards et al, 2002), 6-
OHDA NAC lesions did not alter impulsive choice, despite
the considerable increase in impulsivity caused by excito-
toxic lesions of the NAC (Cardinal et al, 2001). However,
with the exception of autoshaping (Dalley et al, 2002;
Parkinson et al, 2002) and schedule-controlled drinking
(Robbins and Koob, 1980), 6-OHDA lesions alone have been
found to have little effect on other behavioral tasks (Taylor
and Robbins, 1986; Cole and Robbins, 1989; McCullough
et al, 1993; Salamone et al, 1995; Sokolowski and Salamone,
1998; Cousins et al, 1999). Furthermore, it has been



suggested that 6-OHDA NAC lesions only show reduce
response rates under reinforcement schedules which require
more effortful or high levels of responding (Salamone et al,
1997, 2003).

Decreasing Accumbal DA does not Block
Amphetamine’s Ability to Decrease Impulsive Choice

As discussed previously, those cases in which 6-OHDA NAC
lesions block the action of amphetamine strongly indicate
that those effects of amphetamine are contingent on DA or
NA release in the NAC. However, the fact that NAC 6-
OHDA lesions did not abolish the ability of amphetamine to
decrease impulsive choice, and even transiently potentiated
this drug effect at the lowest dose used, suggests that either
the surviving 30% of neurons are capable of producing a
detectable drug-induced increase in DA and NA, or that the
drug’s effect is not solely dependent on release of these
neurotransmitters in the NAC. Recent data indicate that the
5-HT system may be involved in the anti-impulsivity effects
of amphetamine (Gainetdinov et al, 1999; Winstanley et al,
2003). Although global 5-HT depletion does not alter
performance of this delay-discounting task, i.c.v. 5,7-DHT
lesions have been shown to attenuate the amphetamine-
induced decrease in impulsive choice (Winstanley et al,
2003). Similarly, although the D, receptor antagonist
eticlopride does not affect impulsive choice, coadministra-
tion of eticlopride with amphetamine also reduces the
ability of amphetamine to decrease impulsive choice (Van
Gaalen et al, 2003). Furthermore, a complete blockade of
amphetamine’s effects is observed in serotonergically
lesioned rats, but not sham-operated controls, following
coadministration of the mixed D,/D, receptor antagonist
cis-z-flupenthixol (Winstanley et al, 2003). These data
indicate some redundancy in the roles 5-HT and DA play
in controlling delay-discounting, so that manipulations
which target both systems, rather than either individually,
significantly affect choice behavior.

5-HT:DA Interactions within the NAC Affect the
Regulation of Impulsive Behavior

Such a hypothesis may be important when considering the
ability of higher doses of 8-OH-DPAT to both induce
impulsive choice and block the decrease in impulsive choice
caused by amphetamine in sham-operated rats. As men-
tioned previously, 8-OH-DPAT markedly decreases fore-
brain levels of 5-HT through its action at presynaptic
5-HT, 5 receptors (eg Bonvento et al, 1992). However, 8-OH-
DPAT still induces impulsive choice in animals with i.c.v.
5,7-DHT lesions (current study), indicating that the drug is
primarily acting through postsynaptic 5-HT;, receptors.
Furthermore, 8-OH-DPAT did not increase choice of the
small reward in animals with 6-OHDA NAC lesions,
suggesting that 8-OH-DPAT may increase impulsive choice
via 5-HT,, receptor-mediated regulation of the DA or NA
system. Although 5-HT :NA interactions may be important
in the actions of 8-OH-DPAT (see Done and Sharp, 1994;
Chen and Reith, 1995), discussion of the mechanism by
which 8-OH-DPAT affects impulsivity will be restricted here
to its effects on DA and 5-HT, as the involvement of these
neurotransmitter systems has been more firmly established
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in other preclinical models of impulse control (Cole and
Robbins, 1987).

Whereas low doses of 8-OH-DPAT facilitate firing of
DA-ergic cells, high doses depress DA-ergic neuronal
activity, and these electrophysiological observations appear
to parallel alterations in DA release observed in the NAC
(Sinton and Fallon, 1988; Kelland et al, 1990; Arborelius
et al, 1993; Chen and Reith, 1995; Ichikawa and Meltzer,
2000). 5-HT 5 receptors are located on dopaminergic cells
in the ventral tegmental area (VTA) that projects to the
NAC (Prisco et al, 1994; Chen and Reith, 1995; Doherty and
Pickel, 2001) and are also found within the NAC itself (eg
Chalmers and Watson, 1991; Barnes and Sharp, 1999). At
the dose used to induce impulsive choice (1.0 mg/kg), 8-
OH-DPAT would be expected to decrease DA release in the
NAC, and this action of the drug may contribute to its
ability to induce impulsive choice. Systemic administration
of 8-OH-DPAT has also been shown to inhibit the increase
in DA produced by amphetamine in the NAC, striatum, and
frontal cortex in a WAY 100735-sensitive manner (Ichikawa
et al, 1995; Kuroki et al, 1996); therefore, 8-OH-DPAT may
antagonize the amphetamine-induced decrease in impulsive
choice by preventing the psychostimulant from increasing
DA in the NAC.

However, these conclusions seem to contradict the
finding that decreasing DA via intra-NAC 6-OHDA has (a)
no effect on impulsive choice and (b) does not block
amphetamine’s effects on this task. An alternative explana-
tion is that 8-OH-DPAT has such profound effects on
impulsive choice through its combined actions both directly
on the 5-HT system and also indirectly on the DA system,
rather than on either system individually. Hence, although
neither decreasing global levels of 5-HT, nor decreasing
accumbal levels of DA themselves alter impulsive choice,
decreasing levels of both 5-HT and DA together may result
in an increase in impulsivity. Furthermore, 8-OH-DPAT
may block the amphetamine-induced reduction in impul-
sivity by both decreasing 5-HT levels through 5-HT;4
autoreceptors, mimicking the ability of global 5-HT
depletion to attenuate these effects of amphetamine, as well
as via 5-HT 5 receptor-mediated inhibition of DA function.
In animals with 6-OHDA NAC lesions, only the former
inhibitory action of 8-OH-DPAT is present, hence only a
partial blockade of amphetamine’s actions was observed.

Alternatively, the differential effects of 6-OHDA NAC
lesions observed here may reflect changes in the dopami-
nergic modulation of other areas connected to the NAC
which have been shown to play a role in modulating
impulsive choice. Although the differences did not reach
statistical significance in this study, lesioning the dopami-
nergic and noradrenergic terminals in the NAC has
previously been shown to decrease DA and NA levels in
the PFC (Dalley et al, 2002, Jones and Robbins 1992). Both
excitotoxic and dopaminergic lesions of the orbitofrontal
cortex (OFC) have been shown to affect impulsive choice
(Kheramin et al, 2004; Winstanley et al, 2004) and changes
in the efflux of 5-HT and DA have been observed in the
prelimbic and orbitofrontal cortices during performance of
this delay-discounting task (Theobald et al, 2004). The
effects of altering dopaminergic signalling within the limbic
corticostriatal loop on impulsive decision-making may
therefore deserve further investigation.
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Amphetamine’s Ability to Decrease Impulsive Choice is
Augmented by WAY 100635

The WAY 100635-induced potentiation of amphetamine’s
ability to decrease impulsive choice supports the conclusion
that 8-OH-DPAT decreased this action of amphetamine via
activation of 5-HT;, receptors. Coadministration of WAY
100635 may have augmented the behavioral effects of
amphetamine through blocking inhibitory 5-HT,, auto-
receptors, thereby increasing amphetamine-potentiated 5-
HT release. In support of this suggestion, WAY 100635 has
been shown to augment increases in 5-HT and DA efflux
caused by systemic administration of fluoxetine (Gobert
and Millan, 1999), and increases in hippocampal and
accumbal 5-HT, but not DA, caused by cocaine (Muller
et al, 2002a, b). Administration of WAY 100635 directly into
the dorsal raphé nucleus has also been shown to potentiate
cocaine-induced hyperactivity and head bobbing (Herges
and Taylor, 1999 but see Muller et al, 2002a).

In summary, these data have confirmed and extended the
hypothesis that the serotonergic system is critically involved
in the ability of amphetamine to decrease impulsive choice,
and has highlighted the potential involvement of interac-
tions between the DA and 5-HT systems within the NAC in
mediating these effects of the psychostimulant. This form of
impulsivity appears to be under the dual-regulation of both
5-HT and DA, and consequentially manipulations affecting
only one of these neurotransmitter systems will have much
weaker effects on impulsive behavior than those targeting
both. The finding that the 5-HT, 4 receptor antagonist WAY
100635 augmented the reductions in impulsive choice
caused by amphetamine suggests that 5-HT;, receptor
antagonists may provide a wuseful adjunct to more
traditional pharmacotherapy for impulse control disorders
such as ADHD. Improved understanding of the nature of 5-
HT:DA interactions, both globally and at the level of
individual receptors, may further elucidate the neurochem-
ical basis of impulsive behavior.
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