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eural and Behavioral Plasticity Associated with the
ransition from Controlled to Escalated Cocaine Use

arrie R. Ferrario, Grazyna Gorny, Hans S. Crombag, Yilin Li, Bryan Kolb, and Terry E. Robinson
ackground: Rats given extended access to cocaine develop several symptoms of addiction, including a gradual escalation of drug

ntake, whereas rats given limited access do not. We asked here whether extended access to cocaine also produces drug-induced
ensitization, a form of neurobehavioral plasticity implicated in addiction.
ethods: Rats were given limited (1 hour/session) or extended access (6 hours/session) to self-administered cocaine. Following a

eriod of abstinence, rats were selected at random for assessment of their psychomotor response to cocaine or drug-seeking during
xtinction or for anatomic studies.
esults: When reexposed to cocaine, rats allowed extended drug access showed greater drug-seeking behavior and were hypersensitive

sensitized) to the psychomotor activating effects of cocaine compared with rats given limited access. Extended access to cocaine was
lso associated with a greater increase in the density of dendritic spines on neurons specifically in the core of the nucleus accumbens
and not in the shell or medial or orbital frontal cortex).
onclusions: The transition from stable to escalated cocaine use, a hallmark of addiction, is associated with especially robust

ehavioral sensitization and synaptic reorganization in the core of the nucleus accumbens.
ey Words: Addiction, dendritic spines, nucleus accumbens, pre-
rontal cortex, sensitization, structural plasticity

hen given the opportunity, nonhuman animals will
work to self-administer most drugs that people choose
to self-administer (Yokel 1987). Therefore, self-admin-

stration procedures have been invaluable for elucidating neural
ystems that mediate the reinforcing and incentive motivational
ffects of potentially addictive drugs (Wise 2002). These studies
ave not, however, provided great insight into why drug use
ometimes leads to addiction and at other times does not. This is
ecause self-administration of a potentially addictive drug is not
tself evidence of addiction. Addiction refers to a specific pattern
f compulsive drug use that predominates over most other
ursuits in life. To determine why some susceptible individuals
ndergo a transition from controlled drug use to addiction
equires animal self-administration models that can differentiate
ere drug-taking behavior from patterns of drug use character-

stic of addiction (Ahmed and Koob 1998; Deroche-Gamonet et
l 2004; Robinson 2004; Vanderschuren and Everitt 2004).

One way this has been achieved is by manipulating access to
 drug, either by varying daily drug availability (Ahmed and
oob 1998) or by making drug available for weeks or months
Deroche-Gamonet et al 2004; Heyne and Wolffgramm 1998).
elative to rats given limited access, rats given extended access to
elf-administered cocaine develop a number of symptoms char-
cteristic of addiction, including an escalation in drug consump-
ion (Ahmed and Koob 1998; Bozarth and Wise 1985; Deneau et
l 1969), increased motivation for cocaine (Paterson and Markou
003), and continued pursuit of cocaine in the face of adverse
onsequences (Vanderschuren and Everitt 2004). These studies
uggest that extended access to drugs is especially effective in
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producing some form of neurobehavioral plasticity that pro-
motes the transition to addiction.

A specific form of drug-induced neurobehavioral plasticity
hypothesized to be important for the transition to addiction is
represented by the phenomenon of behavioral and neural sen-
sitization (Robinson and Berridge 1993, 2003). Repeated inter-
mittent treatment with psychostimulant drugs, as well as other
drugs of abuse, produces an enduring hypersensitivity (sensiti-
zation) to their psychomotor activating (Post and Rose 1976;
Robinson and Becker 1986; Segal 1975) and incentive motiva-
tional effects (Robinson and Berridge 2003; Vezina 2004). In-
deed, the development of psychomotor sensitization has been
directly related to increases in drug-motivated behavior (De Vries
et al 1998, 2002). Furthermore, behavioral sensitization has been
associated with neuroadaptations in brain regions that mediate
incentive motivational processes, such as the nucleus accumbens
(Acb), as well as brain regions involved in decision making and
inhibitory control over behavior, such as the prefrontal cortex
(PFC; Vanderschuren and Kalivas 2000). These neuroadaptations
include structural alterations in dendritic morphology indicative
of synaptic reorganization in these regions (Li et al 2004;
Robinson and Kolb 2004).

If neuroadaptations that underlie sensitization are important
for the transition to addiction, then the ability of drugs to induce
this form of neurobehavioral plasticity should be sensitive to
patterns of cocaine use that lead to escalation of intake and other
symptoms of addiction. We hypothesized, therefore, that ex-
tended access to cocaine would lead to especially robust behav-
ioral sensitization and that this would be associated with struc-
tural plasticity in the Acb, PFC, or both. We report, relative to rats
given limited access to cocaine (1 hour/day), rats given extended
access to cocaine (6 hours/day) showed 1) a marked escalation
in drug consumption, 2) enhanced drug-seeking behavior, 3)
especially robust behavioral sensitization, and 4) a greater in-
crease in the density of dendritic spines on medium spiny
neurons, specifically in the core of the Acb.

Methods and Materials

Subjects
Male Wistar rats (Harlan, Indianapolis, Indiana) weighing

250–275 g were individually housed (14:10–hour reversed light–

dark cycle), and initially food and water were continually

BIOL PSYCHIATRY 2005;58:751–759
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vailable. All testing was conducted during the dark phase of the
ight–dark cycle.

urgical Procedures
After acclimation to the animal colony, rats were anesthetized

sing a mixture of ketamine and xylazine (100 � 10 mg/kg
dministered intraperitoneally [IP]) and were outfitted with a
atheter in the right jugular vein using procedures described
reviously (Weeks 1972). Catheters were flushed with .1 mL of
entamicin (50 mg/kg, in .9% sterile bacteriostatic saline) before
ach self-administration session. Control animals underwent
ham surgery in which the jugular vein was exposed and an
ncision was made on the back.

ocaine Self-Administration
Five days after surgery, all rats were food restricted to

aintain them at �85% of free-feeding body weight, and the rats
ith catheters began cocaine self-administration training. Self-
dministration training was conducted in standard operant cham-
ers (25 � 27 � 30 cm) located within sound-attenuating
abinets (Med Associates, Georgia, Vermont). Each chamber
ontained two nose-poke ports, a red house light, and a tone
enerator (2900 Hz). Infusion pumps were located outside of the
perant chamber but within the sound-attenuating cabinets. At
he start of each session, the red house light was illuminated and
emained on for the entire session. Responding in one nose-poke
ort (inactive) had no consequences but was recorded. Re-
ponses in the other nose-poke port (active) resulted in the
elivery of .4 mg/kg of cocaine HCl (weight of the salt) dissolved
n 50 �l of saline administered over 1.6 sec. Drug delivery was
ccompanied by illumination of a light at the back of the active
ose-poke port and presentation of the tone for 20 sec. Cocaine
as available on a fixed-ratio 1 (FR1) schedule of reinforcement
ith a timeout of 20 sec. Rats were trained initially during daily
-hour sessions for a total of five or six sessions.

After initial training sessions, the rats with catheters were
ivided into two groups that were matched according to number
f infusions taken per session during the training period: a long
ccess group (LgA, n � 27) and a short access group (ShA, n �
0). Animals in the ShA group continued to receive daily 1-hour
est sessions. In contrast, animals in the LgA group were shifted
o daily 6-hour test sessions. For both groups, self-administration
esting continued for 6 days per week for an additional 16 or 21
est sessions. After the last self-administration session, catheter
atency was tested by injecting the short acting barbiturate
entothal (thiopental sodium, 20 mg/mL in sterile water), and
ats that did not become ataxic within 5 sec were excluded from
he experiment.

Control rats without catheters were placed in holding cham-
ers similar to the self-administration chambers for 1 hour per
ay for a total of 5 or 6 days (control, n � 32). After this,
pproximately half of the rats stayed in the chambers for 6 hours
ach day, and the other half stayed in the chambers for 1 hour
ach day for a total of 16 or 21 days. Thus, this group experi-
nced the general effects of handling, transport, and time outside
he animal colony similar to animals with self-administration
xperience.

After the last self-administration session, all rats were returned
o food ad libitum and were left undisturbed for 1 month.
ollowing this period of abstinence, subsets of rats were selected
t random for 1) assessment of their psychomotor response to a
ocaine challenge or drug-seeking under extinction conditions

r 2) anatomic studies.

ww.sobp.org/journal
Cocaine Challenge Test
One month after their last exposure to cocaine (or control

treatment), a subset of rats (ShA, n � 10; LgA, n � 16; control
[Acute], n � 16) were given a cocaine challenge test. Rats were
placed in an activity monitor (Digiscan, Omnitech Electronics,
Columbus, Ohio) equipped with 32 photocell beams arrayed
around the perimeter of the plexiglass chamber (42 � 42 � 30
cm). After a 1-hour habituation period, animals in the ShA, LgA,
and Acute groups were given three consecutive injections of
cocaine (7.5, 15, and 30 mg/kg, IP). This procedure generates
within-subject dose– effect information (Li et al 2004; Uslaner et
al 2003), and we have found it is more effective at revealing
sensitization than using a single challenge dose. The 15 mg/kg
dose was given 1 hour after the 7.5 mg/kg dose, and 30 mg/kg
was given 1.5 hours after the 15 mg/kg dose. A fourth group of
rats (control [Saline], n � 11) was given consecutive injections of
an equivalent volume of saline. Both the Acute and Saline groups
consisted of control rats that had never before been exposed to
cocaine.

Locomotor activity was recorded as total number of beam
breaks per 5-min interval. A video camera was mounted directly
above the activity monitor and a video record of the entire test
session was obtained using an Opticom Vista 480 Digital Video
Recorder (Opticom Technologies, Vancouver, Canada). It was
apparent from initial inspection of the video records that the
automated measure of locomotor activity (beam breaks) did not
capture obvious group differences in cocaine-induced stereo-
typed behavior. Therefore, a detailed analysis of the video record
was conducted to examine repetitive stereotyped head move-
ments produced by the cocaine challenge. This was done by first
taking one 30-sec sample of behavior every 10 min for the first 40
min following administration of each dose of cocaine (this gave
a total of four 30-sec samples/dose/rat). Behavior was examined
during this specific time period because analysis of locomotor
activity indicated that the onset and peak drug effect was
captured within this time period. For each 30-sec sample of
behavior, those periods that each rat spent “in place” were
identified. Periods “in place” were defined as those in which both
back paws remained in the same position on the floor for at least
2 sec (any time spent grooming was also excluded). The number
of lateral head movements made during each period an animal
was in place was counted, and the frequency of in place head
movements was calculated by dividing the number of head
movements by the time spent in place. This provided an index of
the vigor of drug-induced stereotyped head movements (move-
ments/sec) when animals were not engaged in other behaviors
that might compete with stereotyped head movements, such as
locomotion. The observer (CRF) was blind to treatment condi-
tion, and only video records in which the position of the animal
and camera allowed discrete head movements to be detected
and counted reliably were included in the analysis (ShA, n � 10;
LgA, n � 16; Control [Acute], n� 11; Control [Saline], n � 11).

Drug-Seeking Test
After the cocaine challenge, a subset of rats was left undis-

turbed for 17 more days before drug-seeking was assessed (ShA,
n � 5; LgA, n � 8). These rats were placed back into the
self-administration chambers for 1 hour under conditions iden-
tical to previous self-administration sessions, with the exception
that no cocaine was available. Nose-pokes into the previously
active hole resulted in presentation of the light-tone conditioned
stimulus, whereas nose-pokes into the inactive hole had no

consequence.
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natomic Procedures
One month after the last self-administration session, a sepa-

ate subset of LgA, ShA, and Control rats were given an overdose
f sodium pentobarbital and were then perfused intracardially
ith .9% saline. The brains were removed and processed for
olgi-Cox staining as previously described (Robinson and Kolb
999). Based on our previous work (Robinson and Kolb 2004),
ells from four brain regions were selected for analysis: medium
piny neurons in the shell (AcbS) and core (AcbC) of the Acb
cells were sampled throughout the rostral-caudal extent of the
cb), pyramidal cells in layer III of the orbital prefrontal cortex
oPFC, dorsal agranular insular-AID), and pyramidal cells in layer

of the medial prefrontal cortex (mPFC, Cg3), as defined by
illes (1985). For cortical pyramidal cells, one third-order termi-
al tip from the apical dendritic tree and one fourth-order
erminal tip from the basilar dendritic tree of each cell were
dentified and spines along these segments were counted. For
edium spiny neurons, spines on one third-order or greater

erminal tip per cell were counted. Slides were coded so that the
erson responsible for cell selection and analysis (G.G.) was
lind to experimental condition.

Spine density was calculated using camera lucida procedures
o trace at least a 10-�m length of dendrite, counting all visible
pines along that length (final magnification of 2000�). The
xact length of the analyzed branch was then determined, and
pine density was expressed as the total number of spines per 10
m. This measure was obtained for approximately five cells per
emisphere, which were then averaged, and hemisphere was
sed as the unit for statistical analysis (ShA, n � 10; LgA, n � 10;
ontrol, n � 10), as described previously (Robinson and Kolb
999).

tatistics
Self-administration data across sessions were analyzed with a

ixed-model analysis of variance (ANOVA) using the MIXED
rocedure in the SPSS software program. This analysis has
everal advantages compared with other repeated-measures
nalyses; it is particularly well suited to examine changes over
ime and is unaffected by missing data (Gueorguieva and Krystal
004). For this analysis, a Satterthwaite approximation for the
enominator degrees of freedom was used, producing decimal
laces in these values. Group differences in the number of

nfusions received during the first self-administration test session
ersus the last self-administration test session were assessed
sing repeated-measures ANOVA. Group differences in cocaine
eeking were assessed with a two-way ANOVA. Group differ-
nces in the locomotor activity time course were assessed using
mixed-model ANOVA. Group differences in dose-response

unction for locomotor activity, head movement frequency, and
ercent time in place were assessed using repeated-measures
NOVAs. Group differences in the density of dendritic spines
ere analyzed using one-way ANOVAs followed by pairwise
cheffé tests, when appropriate. The results of all statistical
nalyses are presented in the figure captions, and all statements
n the results section regarding group differences are also
ocumented in the captions.

esults

elf-Administration and Drug Seeking
During the initial 5- to 6-day training period, both groups (LgA

nd ShA) had 1 hour sessions, and they were selected to match

rug intake so that they do not differ during this period (Figure 1).
Beginning with the first test session (session 6 or 7) animals in the
LgA group were given access to cocaine for 6 hours/session,
whereas animals in the ShA group continued to have access to
cocaine for 1 hour/session. Animals in the ShA group maintained
a stable level of cocaine intake over the remaining 16-21 test
sessions (Figure 1A, 1C). In contrast, animals in the LgA group
showed a large and progressive increase in total cocaine intake
(Figure 1C), which was evident even during the first hour of each
test session (Figure 1A). The magnitude of the increase in
cocaine intake between the first session of extended access to
cocaine and the last self-administration test session is summa-
rized in Figure 1B (first hour of each session) and Figure 1D
(entire session). Throughout self-administration testing, re-
sponses in the inactive port were very low, and no group
differences were observed (data not shown).

Forty-seven days following the last self-administration test
session, a subset of animals was returned to the operant cham-

Figure 1. Mean (� SEM) number of cocaine infusions taken during the last 5
daily training sessions, which were 1 hour long for both groups, and then on
each of the 16 –21 test sessions (beginning where indicated by arrowhead),
which were 1 hour long for the short access group (ShA, open circles) and 6
hours for the long access group (LgA, closed circles). The number of infu-
sions taken during the first hour of each self-administration session are
shown in (A) and (B), and during the entire test session in (C) and (D). There
is a break in the graph before the last 5 test sessions because some rats were
tested for 16 sessions and others for 21 sessions, so the n changes at that
point. Because of this change in n, a mixed-model analysis of variance was
conducted using the MIXED procedure in the SPSS software program (see
Results for details). This revealed a significant group by session interaction
for number of infusions taken in the first hour (group � session: F(1,220) �
34.6, p � .001) as well as for total number of infusions (group � session:
F(1,220) � 204, p � .001). A summary of the change in the number of infusions
between the first and last test sessions is shown in (B) (group � session:
F(1,45) � 26.2, p � .001) and (D) (group � session: F(1,45) � 38.5, p � .001).
There was no change between the number of infusions taken during the
first and last test session for the ShA group (mean difference � 2.30, p � .05).
In contrast, for the LgA group, there was a significant increase between the
number of infusions taken during the first and last test session, both during
the first hour of access (mean difference � 28.6, p � .001) and during the
entire test session (mean difference � 100, p � .001), indicated by asterisks.
bers, but with no cocaine available, and nose-pokes into the

www.sobp.org/journal
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reviously active port resulted in presentation of the light-tone
timulus previously paired with cocaine delivery. Figure 2 shows
hat both the ShA and LgA groups made more responses in the
ctive than in the inactive port, but the LgA group made
ignificantly more responses into the active port than did the ShA
roup. Thus, even after 47 days of forced abstinence, the LgA
roup showed more vigorous drug-seeking behavior than the
hA group.

sychomotor Activation Produced by a Cocaine Challenge:
ocomotion

Figures 3 and 4 show the locomotor response (beam breaks)
n the challenge test day 1 month after the last self-administra-
ion test session. Placement into the activity monitor for a 1-hour
abituation period produced a large increase in locomotor
ctivity. Locomotor activity decreased significantly over the next
0 min, and there was no effect of treatment condition on the rate
f habituation of locomotor activity (Figure 3a). The animals
ere then given IP injections of increasing doses of cocaine, or
n equivalent volume of saline, with each injection separated by
-1.5 hours. It is important to note that rats in the Saline control
roup never received any cocaine but are illustrated along with
nimals receiving cocaine injections for ease of comparison.
igure 3B-D shows the time course of the locomotor response
uring the 40-min period following each injection. In all groups,
ll doses of cocaine produced a significant increase in locomotor
ctivity relative to an injection of saline. There was, however, no
ffect of previous self-administration experience on the locomo-
or response produced by 7.5 or 15 mg/kg of cocaine compared
ith Acute control animals (Figure 3B, 3C). Following 30 mg/kg
f cocaine, there were significant group differences in the pattern
f locomotor activity over time. Both the ShA and LgA groups
howed a marked decline in locomotor activity 15-20 min
ollowing the 30 mg/kg injection, followed by an increase in
ocomotor activity, whereas the Acute group showed relatively
igh levels of locomotor activity throughout the 40-min period
Figure 3D). The group given cocaine for the first time (Acute)
iffered statistically from the two groups that had prior cocaine
elf-administration experience (ShA, LgA), but these latter two
roups did not differ from one another at the highest dose tested.

Although there were no significant effects of prior cocaine

igure 2. Mean (� SEM) number of active and inactive nose-pokes made by
he long-access (LgA) and short-access (ShA) groups during the test for
ocaine seeking behavior (under extinction conditions). A two-way analysis
f variance resulted in a significant effect of port (F(1,11) � 45.9, p � .001),

ndicating that both groups made more active than inactive nose-pokes.
owever, there was also a significant group � port interaction (F(1,11) � 6.50,
� .03), indicating the LgA group made significantly more nose-pokes in
he active port than the ShA group.

ww.sobp.org/journal
self-administration experience when the effects of the 7.5 or 15
mg/kg challenge doses were considered alone (Figure 3), exam-
ination of the full dose-effect functions revealed a clear effect of
past cocaine experience. Figure 4 shows the dose-effect func-
tions for cocaine-induced locomotor activity during the first 20
min (peak effect) following each injection of the three doses of
cocaine. It is clear that the shape of the dose-effect function for
animals given cocaine for the first time (a linear increase in
locomotion with increasing dose in the Acute group) is different
from that for the LgA and ShA groups (inverted-U shaped
functions). In animals with prior cocaine self-administration
experience, the dose-effect functions and the time course of
locomotor activity following 30 mg/kg of cocaine (Figure 3D)
suggest that these groups may have showed enhanced stereo-
typed behavior indicative of an increased drug effect (Lyon and
Robbins 1975; Segal 1975). A detailed analysis of the video

Figure 3. Mean (� SEM) locomotor activity (number of beam breaks) during
the initial 40-min period following placement into the activity monitor
(habituation, panel A) and following each of three challenge injections with
saline or cocaine (7.5, 15, and 30 mg/kg or saline, intraperitoneal injection;
panels B–D). It is important to note that rats in the Saline group never
received any cocaine but are graphed in Figures 3–5 for ease of comparison.
The Acute group received cocaine for the first time, where as the short-
access (ShA) and long-access (LgA) groups previously self-administered
cocaine for 1 or 6 hours/session, respectively. There were no group differ-
ences during the habituation period. In all groups, all doses of cocaine
produced a significant increase in locomotor activity, relative to animals
given saline (main effect of group, Fs 1,21.5–37.9) � 13.4 – 85.2, ps � .001). The
saline group was not included in any subsequent statistical analyses of
locomotor activity. There was no effect of prior self-administration experi-
ence on the locomotor response to a challenge with either 7.5 or 15 mg/kg
cocaine (i.e., the LgA and ShA groups did not differ from the Acute group),
although following 15 mg/kg the LgA and ShA groups did differ from one
another (main effect of group; F(1,26.2) � 5.99, p � .05). Following the 30
mg/kg challenge, the time course of the locomotor response of the LgA and
ShA groups was significantly different from the Acute group, as indicated by
significant group � time interactions (Acute vs. ShA; F(7,165) � 2.39, p � .05,
Acute vs. LgA; F(7,200) � 2.91, p � .02), although the LgA and ShA groups did
not differ from one another.
records indicates that this was indeed the case.
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tereotyped Head Movements
Figure 5A shows the percent time in place (both back paws

n the floor) as a function of dose and treatment condition.
nimals given saline were in place for approximately 75% of the
ample period. Animals given cocaine for the first time showed a
ose-related decrease in time in place, consistent with their
ose-related increase in locomotor activity (Figure 4). In contrast,
or animals with prior cocaine self-administration experience, the
ow dose of cocaine decreased time in place, followed by a
ose-related increase in time in place.

Figure 5B shows the frequency of head movements during
eriods in place, as an index of the intensity of drug-induced
tereotyped behavior. It is clear from Figure 5B that there was a
arge effect of treatment condition on the psychomotor response
o the cocaine challenge, using this index of cocaine-induced
tereotyped behavior. All groups given cocaine showed a dose-
elated increase in the frequency of head movements (Figure
B); however, the dose-effect function was shifted significantly
o the left in both groups that had prior cocaine self-administra-
ion experience. Most importantly, the magnitude of the shift in
he dose-effect function was much greater in animals that
reviously had extended access to cocaine (LgA group) than in
nimals that previously had limited access to cocaine (ShA
roup). That is, animals that previously had extended access to
ocaine (6 hours/session) were markedly hypersensitive (sensi-
ized) to cocaine, as indicated by its ability to induce stereotyped
ead movements, relative to animals given limited access to the
rug (1 hour/session).

natomy
Figure 6 shows the effects of prior cocaine self-administration

xperience on the density of dendritic spines on pyramidal cells
n the mPFC (Figure 6A) and oPFC (Figure 6B). There was no
ffect of cocaine self-administration experience on spine density
n the oPFC (Figure 6B). Prior cocaine self-administration expe-
ience significantly increased spine density on both the apical

igure 4. Mean (� SEM) number of beam breaks during the first 20 min after
ach cocaine injection (peak effect), as a function of dose. There were
ignificant group differences in the shape of the dose– effect functions
group � dose interaction; F(4,80.7) � 4.03, p � .01). Animals given cocaine for
he first time (Acute) showed a linear increase in locomotion as dose in-
reased, where as the long-access (LgA) and short access (ShA) groups had

nverted U-shaped dose– effect functions (group � dose interactions, Acute

s. ShA, F(2,51.8) � 3.62, p � .05; Acute vs. LgA, F(2,61) � 6.77, p � .01).
and basilar dendrites of cells in the mPFC, but there was no effect
of duration of access to cocaine (Figure 6A).

Prior cocaine self-administration experience increased spine
density on medium spiny neurons in both the AcbS and AcbC
(Figures 7 and 8). In the AcbS, there was no effect of duration of
access to cocaine (i.e., there was no difference between the LgA
and ShA groups). In the AcbC, however, extended access to
cocaine (LgA) produced a much greater increase in spine density
than did limited access to cocaine (ShA). Indeed, the effect of
extended access was approximately double the effect of limited
access.

Discussion

Animals given 1 hour of access to cocaine showed a stable
level of cocaine intake, whereas animals given 6 hours of access
progressively escalated their intake of cocaine, as expected
(Ahmed and Koob 1998). We were able to ask, therefore,
whether the transition from stable, controlled cocaine use to an
escalated pattern of use typical of addiction, was accompanied
by the development of psychomotor sensitization and structural
plasticity. We found that, indeed, when given a cocaine chal-
lenge 1 month after the last self-administration test session, the

Figure 5. Mean (� SEM) percent time “in place” (both rear feet on the floor
� 2 sec) and frequency of in place head movements, as a function of cocaine
challenge dose. (A) Time in place: in the group given cocaine for the first
time (Acute), cocaine produced a dose-related decrease in time spent in
place (Saline vs. Acute, group � dose interaction, F(2,40) � 4.88, p � .02). In
contrast, in animals with prior cocaine self-administration experience, the
lowest dose of cocaine decreased the amount of time spent in place, fol-
lowed by a dose-related increase in time in place. The dose– effect functions
for the two groups with previous self-administration experience were sig-
nificantly different than for the Acute group (group � dose interactions,
Acute vs. short-access group (ShA), F(2,38) � 7.52, p � .01; Acute vs. long-
access (LgA), F(2,50) � 11.55, p � .001), but the LgA and ShA groups did not
differ from one another. (B) Frequency of in place head movements: cocaine
produced a dose-related increase in the frequency of head movements in all
groups, relative to animals given repeated injections of saline (group � dose
interactions, Fs(2,38 –50) � 10.8 – 20.9, ps � .001). Relative to animals given
cocaine for the first time (Acute), the dose– effect functions for both groups
with prior cocaine self-administration experience were shifted significantly
to the left (Acute vs. ShA, main effect of group, F(1,19) � 9.22, p � .01, group
� dose interaction, F(2,38) � .14, p � .05; Acute vs. LgA, main effect of group,
F(1,25) � 19.9, p � .01, group � dose interaction, F(2,50) � 7.09, p � .01).
Furthermore, the dose– effect function for the LgA group was shifted signif-
icantly to the left of that for the ShA group, indicated by asterisks (main
effect of group, F(1,21) � 7.73, p � .02, group � dose interaction, F(2,48) �
4.62, p � .02).
group that had extended access to cocaine showed especially

www.sobp.org/journal
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obust psychomotor sensitization. These animals also showed
reater drug-seeking behavior when returned to the self-admin-
stration context under extinction conditions. Prior experience
ith cocaine increased the density of dendritic spines on pyra-
idal cells in the mPFC (but not oPFC) and on medium spiny
eurons in both the core (AcbC) and shell (AcbS) of the Acb,
onsistent with previous reports (Li et al 2004; Robinson et al
001; Robinson and Kolb 1999, 2004). Animals given extended

igure 6. Mean (� SEM) number of dendritic spines per 10 �m of dendrite
n the apical and basilar dendrites of pyramidal cells in (A) the medial
refrontal cortex (mPFC) and (B) the orbital prefrontal cortex (oPFC). Co-
aine self-administration experience significantly increased the density of
endritic spines on both apical and basilar dendrites of cells in the mPFC

indicated by asterisks), but duration of access to cocaine had no significant
ffect (apical, F(2,27) � 12.1, p � .001; basilar, F(2,27) � 15.2, p � .001; pairwise
cheffé tests, p � .05). There were no significant effects of cocaine self-
dministration experience on spine density in the oPFC. Con, control group;
gA, long-access group; ShA, short-access group.

igure 7. Mean (� SEM) number of dendritic spines per 10 �m of dendrite
n medium spiny neurons in the core and shell of the nucleus accumbens. In

he shell (AcbS), cocaine self-administration experience significantly in-
reased the density of dendritic spines in both the short-access (ShA) and

ong-access (LgA) groups (indicated by asterisks), but the ShA and LgA
roups did not differ significantly from one another (F(2,27) � 43.4, p � .001,
airwise Scheffé tests, p � .05). In the core (AcbC), cocaine self-administra-

ion experience also significantly increased the density of dendritic spines in
oth the ShA and LgA groups (indicated by asterisks), but the magnitude of

his increase was significantly greater in the LgA group than in the ShA
roup (indicated by a dagger, F � 48.2, p � .001, pairwise Scheffé tests,
(2,27)

� .05). Con, control group.

ww.sobp.org/journal
access to cocaine showed a significantly greater increase in spine
density in the AcbC (but not in the AcbS or mPFC), however,
than animals given limited access to cocaine. Thus, the transition
from stable (controlled) cocaine use to an escalated pattern of
use characteristic of addiction is associated with both the devel-
opment of especially robust psychomotor sensitization and mor-
phologic changes in the AcbC.

Behavioral Sensitization
These findings are consistent with reports that limited access

to self-administered cocaine (1- to 3-hour test sessions) induces
both neurochemical and psychomotor sensitization (Hooks et al
1994; Phillips and Di Ciano 1996; Zapata et al 2003). They are
inconsistent, however, with one report that extended access to
cocaine (6 hours/session) results in a loss of sensitization (Ben-
Shahar et al 2004). The reason for the apparent discrepancy may
be that the behavioral measure used by Ben-Shahar et al (2004)
was not sensitive to the qualitative changes in behavior associ-

Figure 8. Digital images of Golgi-stained medium spiny neuron terminal
tips in the nucleus accumbens core and shell. Images were captured at
1600� magnification by a Polaroid DMC video camera attached to a Zeiss
Axioskop. Once a dendritic segment was identified, multiple images were
taken at different focal planes and then merged to create the composite
images shown here. In addition, the full dendritic segment was drawn by
hand for use as a reference. No digital enhancement was used to capture
these images, but brightness and contrast levels were equalized across
individual video captures to produce the final images. Con, control group;
LgA, long-access group; ShA, short-access group.
ated with robust behavioral sensitization.
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A major theme of much of the early literature on behavioral
ensitization is that sensitization does not involve simply quan-
itative changes in a given behavior (e.g., more and more
ocomotion), but complex qualitative changes in patterns of
ehavior that vary as a function of many factors, including dose,
umber of treatments, time since the last treatment, context, and
o on (Post and Rose 1976; Robinson and Becker 1986; Segal
975). As a result, over-reliance on any one behavioral measure,
specially when faced with negative findings, can lead to erro-
eous conclusions. As Segal (1975) warned many years ago,
characterization of the various components of the behavioral
esponse is required because drug effects on behavior may be
ompetitively related” (p. 248). This may be why Ben-Shahar et
l (2004), who on their challenge test for sensitization relied on
ne behavioral measure and one dose of cocaine, failed to find
vidence of sensitization. Indeed, had we relied only on the
ocomotor response to either the 7.5 or 15 mg/kg challenge dose
Figure 3), we, too, would have reported no effect of past
ocaine self-administration experience. Examination of the
hape of dose-effect functions, however, and of the time course
f the locomotor response, revealed a pattern of behavior typical
f animals that had undergone a transition from psychostimulant-
nduced behavior dominated by locomotor hyperactivity to
ehavior dominated by progressively more stereotyped activity.

The presence of behavior dominated by stereotyped actions
as long been thought to reflect increased drug effects charac-
erized by “increasing response rates within a decreasing number
f response categories” (Lyon and Robbins 1975, p. 84). This is
vident here in the dose-related increase in the frequency of
ead movements and “in place” activity of animals that had prior
elf-administration experience and typifies behavioral sensitiza-
ion (Post and Rose 1976; Robinson and Becker 1986; Segal
975). We conclude, therefore, that one long-term consequence
f cocaine self-administration experience is to render hypersen-
itive the brain systems that mediate the psychomotor activating
ffects of cocaine (Hooks et al 1994; Phillips and Di Ciano 1996;
apata et al 2003), and that extended access to cocaine, with
scalation of intake, produces greater sensitization than that
roduced by more limited access to the drug.

Mesocorticolimbic circuits that mediate the psychomotor ac-
ivating effects of psychostimulant drugs also mediate their
ncentive motivational properties (Wise and Bozarth 1987).
herefore, treatments capable of producing psychomotor sensi-
ization might also be expected to produce incentive sensitiza-
ion. Indeed, the development of psychomotor sensitization has
een directly related to increases in drug-motivated behavior (De
ries et al 1998, 2002); treatments that produce psychomotor
ensitization also facilitate the later acquisition of drug self-
dministration behavior (Horger et al 1990; Piazza et al 1989) and
onditioned place preferences (Lett 1989), the motivation for
rug assessed by “breakpoint” on a progressive ratio schedule
Mendrek et al 1998; Vezina 2004), and Pavlovian conditioned
otivational processes (Harmer and Phillips 1998; Wyvell and
erridge 2001). In most of these studies, drug was administered
y an experimenter, so it is especially important to note that prior
ocaine self-administration experience also produces incentive
ensitization (Deroche et al 1999; Morgan and Roberts 2004).
urthermore, consistent with the results reported here, Paterson
nd Markou (2003) found that extended access to cocaine (6
ours/session) produces an especially large “increase in the
ncentive motivational value of self-administered cocaine” (p.

229), relative to limited access conditions. We conclude, there-
fore, that extended access to cocaine produces both especially
robust psychomotor sensitization and incentive sensitization.

Structural Plasticity
Repeated intermittent administration of psychostimulant drugs

is accompanied by many neuroadaptations in mesocorticolimbic
circuits, including changes in multiple neurotransmitter systems
and intracellular signaling cascades (Vanderschuren and Kalivas
2000). Of particular relevance here are reports that psychostimu-
lant drugs also induce long-lasting structural modifications in
these same circuits. Repeated treatment with amphetamine or
cocaine produces a long-lasting increase in the density of
dendritic spines on pyramidal cells in the mPFC and medium
spiny neurons in the Acb (Li et al 2004; Robinson et al 2001;
Robinson and Kolb 1999, 2004) and caudate-putamen (Li et al
2003). Consistent with these studies, we found that prior cocaine
self-administration experience, whether for 1 or 6 hours/session,
increased spine density in the AcbC, AcbS, and mPFC. Further-
more, these effects are not seen in animals trained to nose poke
for food rewards (Crombag et al 2005; Robinson et al 2001). The
interesting new finding is that the robust behavioral sensitization
associated with an escalation of cocaine intake was accompanied
by a further increase in spine density in the AcbC, but not in the
AcbS, oPFC, or mPFC. This suggests that structural plasticity in
the AcbC may be especially important in the development of
cocaine-induced sensitization (as reported by Li et al 2004) and
in the escalation of drug intake.

Cocaine self-administration experience had no effect on spine
density in the oPFC. This brain region has been implicated in
some of the cognitive deficits seen in addicts (Bolla et al 1998;
Rogers et al 1999), and we previously reported that amphetamine
(Crombag et al 2005) and morphine (Robinson et al 2002)
self-administration experience has opposite effects on spine
density in the mPFC and oPFC. The reason for the differences
between the effects of cocaine and amphetamine self-adminis-
tration experience on dendritic organization in the oPFC is
unknown.

Implications for Addiction
The reason rats given extended access to cocaine escalate

their drug intake is not known. It could be due to alterations in
prefrontal cortical function that lead to a loss of inhibitory control
over behavior or increased “impulsivity” (Jentsch and Taylor
1999; Rogers et al 1999). We found no effects of extended access
to cocaine on spine density in the mPFC or oPFC, however. This
is consistent with a recent report that extended access conditions
that produce symptoms of addiction do not produce symptoms
of “impulsivity and disinhibition” (Deroche-Gamonet et al 2004;
also see Schoenbaum and Setlow 2004). Instead, escalation of
intake was associated with increased spine density in the AcbC
(but not AcbS). The AcbC is uniquely important in mediating the
motivational impact of Pavlovian conditioned stimuli on behav-
ior (Cardinal et al 2002), and Pavlovian conditioned motivational
processes undergo sensitization as a consequence of repeated
exposure to psychostimulant drugs (Harmer and Phillips 1998;
Robinson and Berridge 2003; Wyvell and Berridge 2001). Fur-
thermore, sensitization has been associated with neuroadapta-
tions specifically in the AcbC, and not the AcbS (Cadoni et al
2000; Di Chiara 2002; Li et al 2004; Pierce et al 1996), although
there are exceptions (e.g., Pierce and Kalivas 1995). Thus, rats
may exhibit some symptoms of addiction, such as escalation of
drug intake, due to a sensitization-related synaptic reorganiza-

tion of the AcbC that leads to a pathologic increase in the

www.sobp.org/journal



i
i
c
i
p
i
2

t
i
q
h
a
f
i
m
i
r

a
K

A

B

B

B

C

C

C

D

D

D

D

D

D

G

H

H

H

758 BIOL PSYCHIATRY 2005;58:751–759 C.R. Ferrario et al

w

ncentive value of drugs and drug-associated stimuli—that is, an
ncrease in drug “wanting” (Robinson and Berridge 2003). This
ould also explain why extended access to cocaine leads to
ncreased motivation for drug, as assessed by increased “break-
oint” (Paterson and Markou 2003) and continued drug-seeking
n the face of adverse consequences (Vanderschuren and Everitt
004).

In conclusion, extended access to cocaine leads to at least
hree well-established symptoms of addiction: escalation of drug
ntake, continued drug seeking in the face of adverse conse-
uences, and increased incentive motivation for drug. We show
ere that it also leads to especially robust behavioral sensitization
nd synaptic reorganization in the AcbC. We speculate, there-
ore, that the transition from mere drug use to addiction may
nvolve a pathologic increase (sensitization) in incentive
otivational functions mediated by the AcbC due to a drug-

nduced reorganization of synaptic connections in this brain
egion.

We thank Jeffrey M. Sutton and Pitor P. Myc for technical
ssistance, Brady T. West for assistance with statistics, and Dr.
ent Berridge for helpful comments.
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