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Abstract

Repeated treatment with psychostimulant drugs produces changes in brain and behaviour that far outlast their initial neuropharmaco-
logical actions. The nature of persistent drug-induced neurobehavioural adaptations is of interest because they are thought to
contribute to the development of dependence and addiction, and other forms of psychopathology, e.g. amphetamine psychosis.
There are many reports that psychostimulants produce biochemical adaptations in brain monoamine systems, especially dopamine
systems. The purpose of the present study was to determine if they might also alter the morphology of neurons in brain regions
that receive monoaminergic innervation. Rats were given repeated injections of either amphetamine or cocaine, or, to control for
general motor activity, allowed access to a running wheel. They were then left undisturbed for 24–25 days before their brains were
processed for Golgi–Cox staining. Treatment with either amphetamine or cocaine (but not wheel running experience) increased
the number of dendritic branches and the density of dendritic spines on medium spiny neurons in the shell of the nucleus
accumbens, and on apical dendrites of layer V pyramidal cells in the prefrontal cortex. Cocaine also increased dendritic branching
and spine density on the basilar dendrites of pyramidal cells. In addition, both drugs doubled the incidence of branched spines on
medium spiny neurons. It is suggested that some of the persistent neurobehavioural consequences of repeated exposure to
psychostimulant drugs may be due to their ability to reorganize patterns of synaptic connectivity in the nucleus accumbens and
prefrontal cortex.

Introduction

The repeated administration of potentially addictive drugs results in
many long-lasting changes in brain and behaviour. For example, some
drug effects show tolerance while at the same time others show
sensitization, and these decreases or increases in drug effect may
persist long after the discontinuation of drug treatment (Robinson &
Becker, 1986; Kalivas & Stewart, 1991; Stewart & Badiani, 1993).
Similarly, environmental stimuli associated with drug administration
may acquire potent conditioned stimulus properties, and thus the
ability to modify ongoing behaviour even in the absence of the drug
(Davis & Smith, 1976; Tomie, 1996). How experience with drugs of
abuse changes the brain to produce persistent changes in behaviour
is of great interest because of the potential role of drug-induced
neurobehavioural adaptations in the development of dependence and
addiction, and in craving and relapse (Nestleret al., 1993; Robinson
& Berridge, 1993).

Most research on neuroadaptations induced by psychostimulant
drugs has focussed on biochemical adaptations in brain monoamine
systems (Robinson & Becker, 1986; Kalivas & Stewart, 1991; Stewart

Correspondence: T.E. Robinson, as above. E-mail: ter@umich.edu

Received 9 September 1998, revised 24 November 1998, accepted 16
December 1998

& Badiani, 1993), and more recently, in excitatory amino acid
neurotransmission (Pierce & Kalivas, 1997; Wolf, 1998). This is
because the primary neuropharmacological effect of amphetamine
and cocaine is on monoamine transporters, where they act to increase
the extracellular concentrations of dopamine, norepinephrine and
serotonin (Kuczenski, 1983). Amphetamine and cocaine produce a
host of biochemical adaptations in monoamine systems, and excitatory
amino acid neurotransmission, many of which could contribute to
their persistent effects on behaviour (Robinson & Becker, 1986;
Kalivas & Stewart, 1991; White & Wolf, 1991; Stewart & Badiani,
1993; Pierce & Kalivas, 1997; Wolf, 1998). However, stimuli or
events that produce very persistent changes in behaviour typically
alter not only brain biochemistry, but also brain structure, modifying
patterns of synaptic connectivity (Greenoughet al., 1990; Kolbet al.,
1998). Given that psychostimulant drugs have extremely potent
stimulus properties, and that they can produce persistent changes in
behaviour, it seems reasonable to hypothesize that they might also
alter patterns of synaptic connectivity. Consistent with this hypothesis,
we have found that treatment with escalating doses of amphetamine
(1–10 mg/kg) alters the structure of neuronal dendrites in the nucleus
accumbens and prefrontal cortex (Robinson & Kolb, 1997).

The purpose of the present experiment was threefold. First, we
sought to determine whether a less aggressive amphetamine treatment
regimen, more typical of those used in studies of amphetamine
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sensitization (Robinson & Becker, 1986), would also alter the
morphology of neurons in the nucleus accumbens and prefrontal
cortex. Second, we sought to determine whether repeated treatment
with cocaine, another widely abused psychostimulant drug, would
produce comparable effects. Third, we included a ‘motor activity’
control group to determine whether the effects of amphetamine and/
or cocaine might simply be secondary to their ability to increase
motor activity. To address these questions, rats were treated with
amphetamine or cocaine (or to control for general motor activity
allowed access to a running wheel), and 1 month later their brains
were processed for Golgi–Cox staining (Kolbet al., 1998). This
method is sensitive to experience-dependent changes in neuronal
morphology (Greenoughet al., 1990; Kolbet al., 1998), and allowed
us to quantify the effects of drug treatment on dendritic length, spine
density and the incidence of branched spines on medium spiny
neurons in the shell of the nucleus accumbens and layer V pyramidal
cells in the medial prefrontal cortex.

Methods

Female Sprague–Dawley rats weighing 200–225 g at the beginning
of the experiment were housed singly in wire-hanging cages in a
room on a 14:10 h light:dark cycle, with food and water availablead
libitum. After 1 week, the rats were randomly assigned to one of four
groups. Three groups received an intraperitoneal injection once
each day for five consecutive days, followed by two injection-free
days, and this procedure was repeated for four consecutive weeks.
The animals received injections of either: 0.9% saline, 3 mg/kg
D-amphetamine sulphate or 15 mg/kg of cocaine HCl (drug doses
weight of the salt). The animals in the saline-treated control group
were also used in a parallel unpublished study with morphine. All
injections were given in activity monitors described previously (Camp
& Robinson, 1988). On the day of the first injection, animals in the
fourth group were housed in cages attached to running wheels, to
which they had free access 24 h/day. They were left in the running
wheels for 4 weeks, and were then returned to the standard wire-
hanging cages. This latter group was included as a motor activity
control because female rats allowed access to running wheels show
very high levels of motor activity. To the extent that any changes in
brain structure produced by amphetamine or cocaine are simply a
consequence of the increase in motor activity produced by these
agents, then animals that engage in high levels of non-drug-dependent
motor activity should show comparable effects.

After 4 weeks of injections or running wheel experience, all
animals were left undisturbed for 24–25 days. They were then deeply
anaesthetized with sodium pentobarbital and perfused intracardially
with 0.9% saline. The brains were removed and placed in vials
containing Golgi–Cox solution, and after 14 days transferred to
vials containing 30% sucrose. After at least 3 days in the sucrose
solution, the brains were cut into 200µm coronal sections using a
vibratome, and stained using procedures described elsewhere (Gibb
& Kolb, 1998). The modified Golgi–Cox procedure used here is less
capricious than traditional methods and allows for the consistent
visualization of dendritic spines (Gibb & Kolb, 1998; Kolbet al.,
1998).

Cells in two brain regions were selected for analysis: medium
spiny neurons in the shell of the nucleus accumbens and layer V
pyramidal neurons in the medial prefrontal cortex (area Cg3, according
to Zilles, 1985). These cells were selected for study because: (i) these
regions are thought to contribute to the psychomotor activating and
rewarding effects of amphetamine and cocaine; (ii) these neurons
represent the major output neurons in these structures; and (iii) in a
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previous study we found that amphetamine altered the morphology
of neurons in these regions (Robinson & Kolb, 1997). The brain
regions were first identified at low power (1003), and five cells
from each hemisphere were drawn using camera lucida (at 2503).
In order to be included in the analysis, the dendritic tree of a cell
could not be obscured with stain precipitations, blood vessels or
astrocytes, and the dendritic fields had to be well impregnated and
appear largely intact and visible in the plane of section. The dendritic
surface was quantified using two methods. First, the total number of
dendritic branches (indicated by bifurcations) was counted at each
order away from the cell body or dendritic shaft (Coleman & Riesen,
1968). Second, dendritic length was estimated by counting the number
of ring intersections using an overlay of concentric rings (Sholl,
1981). To calculate spine density, a length of dendrite (at least
. 10 µm long) was traced (at 10003), the exact length of the
dendritic segment was calculated, and the number of spines along
that length counted (to yield spines/10µm). For pyramidal cells,
spines were counted on one third-order tip from both the basilar and
apical dendrites, and for medium spiny neurons spines on one terminal
tip were counted.

In a second analysis of only medium spiny neurons in only control
and drug-treated animals, the frequency of branched spines was
determined by drawing dendritic segments at 20003, and counting
both total spines and spines with more than one head. The dendritic
segment analysed in this instance was located on the opposite side
of the cell from the one initially analysed. Branched spines were
defined as spines with more than one head clearly connected to a
common shaft, as described by Comeryet al. (1996). Thus, this
analysis represented both a partial replication of the initial analysis
because different dendritic segments were drawn, and an extension
to determine if amphetamine or cocaine had a disproportionate effect
on the number of branched spines (i.e. those with multiple heads).

The person responsible for cell selection and drawing was blind to
the experimental conditions. Statistical analyses were performed by
averaging across cells per hemisphere; i.e. hemisphere was the unit
of analysis. The value ofN was 12 for the control group and
10 for each of the experimental groups. Group differences were
determined by one-wayANOVAs followed by Scheffe´ comparisons
(with α 5 0.05 for Scheffe´ tests). For those groups in which there
was a significant overall effect on the total number of branches, the
effect of branch order was determined using one-wayANOVAs at each
branch order, and if indicated, Bonferroni–Dunn correctedt-tests to
compare each experimental group with the control group.

Results

Behaviour

As has been reported many times, both amphetamine and cocaine
produced an increase in locomotor activity, and sensitization was
evident with repeated treatment (Fig. 1). For amphetamine there was
a significant increase in cage crossovers between the first and last
(20th) test session [t(9) 5 2.57, P 5 0.030]. Similarly, there was a
greater locomotor response to cocaine on the last test session than
on the first [t(7) 5 5.81, P , 0.001]. In contrast, the response to a
saline injection decreased between the first and last test session
[t(8) 5 P 5 0.016), presumably due to habituation to the test
environment.

As predicted, animals housed in running wheels showed high
levels of motor activity. On average, over the entire time they were
in the wheels, these rats made 48626 882 revolutions/24 h. Given
the circumference of the wheel, this represents a distance of approxi-
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FIG. 1. Mean (6 SEM) number of cage crossovers averaged over the first
(open bars) and 20th (closed bars) test session in rats given repeated injections
of saline (Sal), amphetamine (Amph) or cocaine (Coc). Asterisks indicate that
the response on day 20 differed significantly from the response on day 1
(pairedt-tests).

mately 5.43 km/24 h. For comparison, a rough calculation of the
distance travelled (cage crossovers) during an average test session
with cocaine yields a value of 0.14 km/1.5 h test session.

Anatomy

There was an effect of drug treatment on the structure of dendrites
in both brain regions examined. Figure 2A shows that in the shell of
the nucleus accumbens there was a 6.9% increase in the total number
of dendritic branches in both amphetamine- and cocaine-treated rats,
relative to controls, and a 5.3% decrease in total dendritic branches
in rats housed in running wheels (overallANOVA, F 5 20.9,P , 0.001,
follow-up Scheffétests,P , 0.05). To determine which portion of
the dendritic tree was affected by each manipulation, the number of
branches at each order from the cell body was also analysed. The
decrease in the number of branches seen in the wheel group was
statistically significant only for second- and third-order branches
(Fig. 3). In contrast, the psychostimulants altered more distal
branches. In amphetamine-treated animals, there was a significant
increase only in the number of fifth-order branches. In cocaine-treated
rats, there was a significant increase in both fifth- and sixth1-order
branches (Fig. 3).

Drug treatment also significantly increased the density of spines
on medium spiny neurons (F 5 117.2,P , 0.001; Fig. 2D). In the
amphetamine-treated group, spine density was increased by 11.2%
and in the cocaine group by 13.5%. There was no effect of wheel
running experience on spine density (Fig. 2D). Figure 4 shows
camera lucida drawings of representative medium spiny neurons and
dendritic segments from control and drug-treated animals.

Figure 5 shows the results of the second analysis of medium spiny
neurons to examine the incidence of branched spines. As in the first
analysis, there was a significant increase in the total number of spines
in both amphetamine- (12.3% increase relative to control) and cocaine-
(17.2% increase) treated animals (F 5 136.0, P , 0.001; Fig. 5A).
Figure 5B shows that there was a disproportionate increase in the
number of spines with multiple heads (F 5 156.0,P , 0.001). The
number of branched spines was increased by 197.7% in amphetamine-
treated rats and 132.6% in cocaine-treated rats. Thus, in control
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FIG. 2. Quantitative analysis of the total number of dendritic branches (top)
and spine density (bottom) on medium spiny neurons in the shell of the
nucleus accumbens (A,D) and on apical (Cg3-Apical, B,E) and basilar (Cg3-
Basal, C,F) dendrites of layer V pyramidal cells in the medial prefrontal
cortex. The symbols represent means6 SEM, and where SEM bars are not
evident they are smaller than the diameter of the symbol. Four groups are
represented: a saline-treated control group (Saline,N 5 12); a group given
access to running wheels (Wheel,N 5 10); and groups treated with
amphetamine (Amph,N 5 10) or cocaine (Cocaine,N 5 10). Asterisks indicate
groups that differed significantly from the control group.

FIG. 3. Effect of treatment on the number of dendritic branches as a function
of branch order in groups given access to a running wheel (W), or treated
with amphetamine (A) or cocaine (C). Circles indicate that there was a
significant decrease (open circles) or a significant increase (closed circles) in
the number of dendritic branches at the branch order indicated, relative to the
saline-treated control group. A dash indicates that there was no difference
from the control. Acc, accumbens; Cg3-A, prefrontal apical dendrites; Cg3-
B, prefrontal basilar dendrites.
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FIG. 4. Camera lucida drawings of representative medium spiny neurons in
the shell of the nucleus accumbens from saline- (Control), amphetamine- and
cocaine-treated rats. The drawings to the right of each cell represent the
dendritic segments (indicated by the pointers) drawn at high power (10003)
that were used to calculate spine density. These particular cells were selected
for representation because they were very close to the group average. The
number at the bottom right of each cell indicates the total number of
branches for that cell, and the numbers to the right of each dendritic segment
the number of spines/10µm for that dendrite (compare these numbers to the
group means given in Fig. 1).

animals, 5.35% of total spines on the distal dendrites of medium
spiny neurons had multiple heads, whereas in amphetamine- and
cocaine-treated animals, the percentage of spines with multiple heads
approximately doubled (to 14.6% and 11.0%, respectively,F 5 149.0,
P , 0.001).

The effects of amphetamine and cocaine on apical dendrites of
layer V pyramidal cells in the cingulate cortex, area 3 (medial
prefrontal cortex) (Cg3) were very similar to those on medium spiny
neurons. Figure 2B shows that in amphetamine- and cocaine-treated
animals, there was a 26.1% and 28% increase, respectively, in the
number of Cg3 apical dendritic branches (F 5 26.7,P , 0.001), with
no change in the wheel group. In both drug-treated groups, this effect
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FIG. 5. The mean (6 SEM) total number of spines (A) and branched spines
(B) on medium spiny neurons in the shell of the nucleus accumbens of saline-
(S), amphetamine- (A) and cocaine- (C) treated animals. Asterisks indicate
groups that differed significantly from the saline-treated control group. The
numbers above the bars give the per cent increase in amphetamine- and
cocaine-treated animals, relative to the control group.

was confined to relatively proximal dendrites, with statistically
significant increases in the number of first-, second-, third- and fourth-
order branches, but no significant effect on fifth- or sixth1-order
branches (Fig. 3). There was also an increase in the density of spines
on Cg3 apical dendrites in amphetamine- and cocaine-treated animals
(by 15.6% and 23%, respectively), and a decrease in the wheel group
(F 5 184.0,P , 0.001; Fig. 2E).

The effect of amphetamine on Cg3 basilar dendrites was very
modest, consistent with our previous report (Robinson & Kolb,
1997). There was no significant effect of amphetamine on the number
of Cg3 basilar branches, and only a 4.2% increase in spine density
(Fig. 2C,F). In contrast, cocaine produced a robust increase in both
the number of Cg3 basilar branches (by 16.5%,F 5 21.45,P , 0.001)
and the density of spines on Cg3 basilar dendrites (by 15.9%,
F 5 75.5,P , 0.001; Fig. 2C,F). In contrast to apical Cg3 dendrites,
the effect of cocaine on the number of basilar branches was confined
to only the most distal portion of the dendritic tree (only the effects
on fourth-, fifth- and sixth1-order branches were significant; Fig. 3).
There was no effect of wheel running experience on Cg3 basilar
branches or spines (Figs 1F and 2C).

The analysis of dendritic length using ring intersections yielded a
similar pattern of results as the branch order analysis, with the
following exceptions (data not shown). First, in the accumbens there
was not a statistically significant effect of treatment on the number
of ring intersections (F 5 2.16). Second, for Cg3 basilar dendrites,
the effects of both amphetamine and the wheel experience were
statistically significant, although significantly less than the effect
of cocaine.

Discussion

We found that repeated exposure to either amphetamine or cocaine:
(i) changed the morphology of neurons in the nucleus accumbens
and prefrontal cortex; and (ii) these changes were still evident 1 month
(at least 24–25 days) after the discontinuation of drug treatment.
Amphetamine and cocaine produced a significant increase in the
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number of dendritic branches, and the density of dendritic spines on
medium spiny neurons in the shell of the nucleus accumbens and
pyramidal cells in the medial prefrontal cortex. This confirms and
extends our earlier report of structural modifications in accumbens
and prefrontal cortex neurons following repeated treatment with
escalating doses of amphetamine (Robinson & Kolb, 1997). There
are a number of differences between this study and our earlier study
that need to be acknowledged. First, in our initial study a very
aggressive dosing regimen was used, consisting of escalating doses
of amphetamine (1–10 mg/kg) given twice a day over 5 weeks. In
the present study, animals received a more typical ‘sensitizing’
regimen, consisting of a constant daily dose (3 mg/kg of amphetamine
or 15 mg/kg of cocaine) repeated 20 times. Second, males were used
in our initial study and females in the present study. Third, the present
study included a ‘motor activity’ control group; and fourth, here the
effects of amphetamine were compared with those of cocaine.

This is the first report that both amphetamine and cocaine alter the
morphology of neurons in brain regions implicated in drug reward,
but in some ways it is not a surprising finding. Other forms of
experience-dependent plasticity, e.g. learning (Chang & Greenough,
1982; Moseret al., 1994; Stewart & Rusakov, 1995), electrical self-
stimulation (Bindu & Desiraju, 1990; Raoet al., 1993), environmental
enrichment (Greenoughet al., 1990), recovery of function (Kolb
et al., 1998), long-lasting sensitization in Aplysia (Bailey & Chen,
1983) and mammalian long-term potentiation (Trommaldet al., 1990;
Moser et al., 1994) are all associated with structural alterations in
relevant neural circuits, and other drugs that influence monoamine
neurotransmission, e.g. haloperidol (Kernset al., 1992) and deprenyl
(Lakshmanaet al., 1998), may alter neuronal morphology. Indeed, it
is axiomatic that persistent experience-dependent changes in behaviour
are due to alterations in patterns of synaptic connectivity (Hebb,
1949). Given the extremely potent stimulus properties of psychomotor
stimulant drugs, and their ability to produce changes in behaviour
that last for months to years, it is not surprising that they might also
alter synaptic organization.

Of course, we can not tell from the analysis of Golgi-stained
material exactly which synapses were modified by amphetamine or
cocaine, or in what ways they were rearranged. There is considerable
evidence, however, that the kinds of changes in Golgi material
described here are indicative of alterations in synaptic organization
(Greenoughet al., 1990; Kolbet al., 1998). Indeed, dendritic spines
are thought to represent the major focus of control over excitatory
signalling, and changes in the structure or number of spines the
primary means whereby plastic changes can alter synaptic signalling
(Horner, 1993; Harris & Kater, 1994; Rusakovet al., 1996; Shepherd,
1996). For example, an increase in the number of dendritic branches
and the number of dendritic spines probably represents an increase
in the number of synaptic inputs onto that portion of the dendritic
tree, as spines are not usually left vacant (Gray, 1959; Peters &
Feldman, 1976; Wilsonet al., 1983). Furthermore, changes in the
shape of spines can modify synaptic efficacy by modulating the
electrotonic characteristics of the synapse, or the local chemical
environment (Horner, 1993; Koch & Zador, 1993; Shepherd, 1996).

There was an especially intriguing change in the form of
dendritric spines on medium spiny neurons following treatment with
amphetamine or cocaine. Drug treatment doubled the proportion of
spines with multiple heads, i.e. the number of branched spines,
consistent with our earlier report (Robinson & Kolb, 1997). In most
brain regions, branched spines are quite rare (Sorraet al., 1998), but
there is increasing evidence that they are associated with synaptic
plasticity. Trommaldet al. (1996, 1990) have reported that after long-
term potentiation (LTP) evoked by stimulation of the perforant path
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there is an increase in the number of branched spines on dendrites
of dentate granule cells, and Geinismanet al. (1989) found a similar
effect after kindling induced by perforant path stimulation. Comery
et al. (1996) reported recently that there is an increase in branched
spines on medium spiny neurons in the caudate nucleus of rats raised
in a complex environment.

Although little is known about branched spines (Harris & Kater,
1994), recent evidence suggests they may represent a more radical
alteration in synaptic organization than might seem at first glance.
One hypothesis is that branched spines are formed simply by ‘splitting’
an existing presynaptic bouton to form two new synapses (Sorra
et al., 1998). But, in an evaluation of the largest sample of recon-
structed branched spines ever made (from serial EM sections in CA1
of the hippocampus), Sorraet al. (1998) found that of 91 branched
spines, ‘different branches of the same spine never synapsed with the
same presynaptic bouton’, and that the boutons on each branch head,
‘were not even neighbouring boutons splitting along the same axon’
(p. 236). Similarly, in their LTP material, Trommaldet al. (1996)
reported that ‘each of the branches . . . made contact with a standard
perforant path bouton and showed all the normal attributes of an
asymmetric excitatory spine synapse’ (p. 224), and, ‘after reconstruc-
tion of 27 bifurcating spines no case was found in which the same
two spine heads were served by the same axon’ (p. 225). We do not
know if the same holds true for the branched spines found here, but
if it does they presumably represent a fundamental reorganization of
synaptic inputs onto the distal dendrites of medium spiny neurons in
the nucleus accumbens as a consequence of past drug experience.

At the level of analysis used here, the effects of amphetamine and
cocaine on medium spiny neurons appeared to be very similar. Both
drugs increased dendritic branching, spine density and the number of
branched spines to a comparable degree. Furthermore, for both drugs,
the effect on the number of dendritic branches was confined to the
most distal portion of the dendritic tree. In contrast, in animals
allowed access to a running wheel there was not only a decrease
(rather than an increase) in dendritic branching, but this was localized
to a different portion of the dendritic tree (branch orders 2 and 3).
This suggests, of course, that wheel running experience influences
different synaptic inputs to psychostimulant drugs, and that the effect
of amphetamine and cocaine is not just secondary to their ability to
increase motor activity.

It is interesting that both amphetamine and cocaine influenced
dendritic branching only on the distal portion of the dendritic tree of
medium spiny neurons, because this is thought to be the site of
convergence of dopamine and glutamate inputs on these cells (Smith
& Bolam, 1990). Dopamine inputs from the ventral tegmental area
and substantia nigra form symmetric contacts with spine necks, or
nearby on the dendritic shaft, and excitatory amino acid inputs
(presumably glutamate) form asymmetric contacts with spine heads
(Totterdell & Smith, 1989; Sesack & Pickel, 1990; Smith & Bolam,
1990; Groenewegenet al., 1991). Similar dopamine/glutamate ‘triads’
are found on pyramidal cells in the cortex (Goldman-Rakicet al.,
1989, 1992; Bergeret al., 1991). It is usually assumed that the
glutamate inputs to the striatum arise from cells in the cortex,
hippocampus or amygdala, but it has been suggested that dopamine
neurons themselves may make both symmetric contacts, where
dopamine is released, and asymmetric contacts, where the same cell
releases glutamate (Hattori, 1993; Sulzeret al., 1998). Whatever the
case, these dopamine/glutamate ‘triads’ are thought to provide the
structural means by which dopamine modulates the excitatory drive
on neurons (Smith & Bolam, 1990; Groenewegenet al., 1991;
Goldman-Rakicet al., 1992).

Of course, glutamate receptors have been implicated in many
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different forms of plasticity, including the behavioural plasticity
associated with repeated exposure to drugs of abuse (Wolf, 1998).
This raises the possibility that exposure to amphetamine or cocaine
provokes a reorganization of dopamine and glutamate inputs onto
nucleus accumbens and prefrontal cortex cells in a way that renders
animals hypersensitive, or ‘sensitized’ to stimuli that engage this
circuitry (Pierce & Kalivas, 1997). The reorganization of dopamine
and glutamates inputs could take many different forms (see fig. 5 in
Robinson & Kolb, 1997), and to determine how they are actually
rearranged will require detailed ultrastructural studies. Nevertheless,
the idea that dopamine inputs may be altered by exposure to
psychostimulant drugs is supported by the observation that chronic
cocaine alters the levels of neurofilament proteins in the ventral
tegmental area (Beitner-Johnsonet al., 1992), the origin of dopamine
projections to the nucleus accumbens and prefrontal cortex. These
neurofilament proteins are components of the neuronal cytoskeleton
and could play a role in modifying neuronal morphology (Beitner-
Johnsonet al., 1992). It is also relevant, therefore, that behavioural
sensitization to amphetamine and cocaine is prevented by co-treatment
with protein synthesis inhibitors (Robinson, 1991; Karleret al., 1993).

Although the influence of amphetamine and cocaine on the structure
of medium spiny neurons appeared to be similar, they had different
effects in the prefrontal cortex. Amphetamine had very little effect
on the basilar dendrites of prefrontal cortex pyramidal cells. This is
in agreement with our earlier study (Robinson & Kolb, 1997), where
we found that amphetamine had no significant effect on the basilar
dendrites of Cg3 pyramidal cells. [The small effect seen here could
be because in the present study we used female rather than male rats,
and females show more robust sensitization (Robinson, 1984), or,
because in the present study we sampled layer V rather than layer
III pyramids]. Cocaine, on the other hand, produced a robust increase
in both the number of basilar dendritic branches on Cg3 pyramidal
cells and on spine density. This suggests, therefore, that cocaine alters
synaptic inputs onto both apical and basilar dendrites of Cg3 pyramids,
whereas the effect of amphetamine is confined primarily to the
apical dendrites.

It is impossible to know from the present data what inputs to the
prefrontal cortex might be differentially affected by cocaine versus
amphetamine, as very little is known about the spatial arrangement
of neurochemically specific synapses onto Cg3 pyramidal cells.
Nevertheless, the distribution of neurotransmitters and neuro-
transmitter receptors in the cortex is highly laminar, consistent with
the notion that the apical and basilar dendrites receive neurochemically
distinct inputs (Zilles et al., 1990). Interestingly, the dopamine
innervation of these cells may be an exception to this rule. Krimer
et al. (1997) reported recently that in the prefrontal cortex of macaque
monkeys, tyrosine hydroxylase-positive (presumably dopamine)
appositions were evenly distributed over the entire dendritic tree
of pyramidal cells. On the other hand, 5-HT1-type receptors are
highly concentrated in layer V, in the region of the basilar dendrites
(Zilles et al., 1990). Although highly speculative, it is possible that
the differential influence of cocaine versus amphetamine on the
basilar dendrites of pyramidal cells is related to the fact that cocaine
has a greater influence on serotonin neurotransmission than does
amphetamine (see Whiteet al., 1998 for references). Whatever the
case, these data suggest that even closely related drugs of abuse, e.g.
cocaine and amphetamine, may produce different patterns of synaptic
reorganization. This is consistent with accumulating evidence that
different mechanisms are responsible for the sensitization produced
by repeated treatment with cocaine versus amphetamine (Whiteet al.,
1998). Unravelling how different patterns of synaptic reorganization
contribute to the function of a given neural circuit, and thus to a
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particular behavioural outcome, poses a major challenge for future
research.

In closing, the molecular mechanisms by which amphetamine or
cocaine might produce the kinds of changes in neuronal structure
described here is not known, but a number of possibilities have been
identified. Amphetamine and cocaine induce a variety of immediate
early genes in both the cortex and striatum (see Graybielet al., 1990;
Harlan & Garcia, 1998 for review). These regulate the transcription
of other target genes, some of which could promote structural
adaptations. In addition, both amphetamine and cocaine increase the
expression of ‘arc’ (activity-regulated cytoskeleton), an ‘effector
immediate early gene’ that encodes for a protein found in neuronal
cell bodies and dendrites, and is thought to be a component of the
cytoskeleton (Fosnaughet al., 1995; Kodamaet al., 1998). Further-
more, amphetamine increases arc mRNA in striatal medium spiny
neurons and the frontal cortex, and the ability of psychostimulants
to induce arc is attenuated by dopamine D1 receptor antagonists,
MK-801 or 6-hydroxydopamine (6-OHDA) lesions (Fosnaughet al.,
1995; Kodamaet al., 1998). Arc provides, therefore, at least one
potential mechanism by which exposure to amphetamine or cocaine,
via their ability to increase the extracellular concentrations of mono-
amines, could trigger a cascade of molecular events leading to
structural modifications in neurons that receive monoaminergic inputs.
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