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We applied a sensitive new functional magnetic reso-
ance imaging technique to identify the pattern and
eterminants of cocaine-induced brain activation in
rug-naive rats. At doses greater than 0.1 mg/kg iv,
ocaine produced robust activation throughout cortex
ith the largest magnitude increase in frontal neocor-

ex. Additionally, we detected selective activation
ithin dopamine-innervated subcortical regions in-

luding dorsomedial and ventrolateral striatum,
ucleus accumbens region, and dorsal thalamus. Al-
hough dose response was similar among activated
egions, temporal response differentiated regions along
istinct anatomical boundaries with basal ganglia and

imbic cortical structures, reaching maximum activa-
ion later than frontal neocortex. Pharmacological
pecificity was demonstrated by blocking cocaine-
nduced activation with SCH-23390, a selective D1
ntagonist. Our data demonstrate the utility of fMRI to
dentify spatiotemporal patterns of cocaine-induced
rain activation and implicate D1 dopaminergic mecha-
isms in acute cocaine action. r 2000 Academic Press

INTRODUCTION

The effects of cocaine on the central nervous system
re complex. Acute administration of cocaine in hu-
ans produces profound short-term euphoria while

epeated drug exposure may result in drug addiction
ccompanied by dysphoria, anhedonia, and craving
Gawin, 1991). As the molecular, neurochemical, and
euroanatomic substrates for these complex behaviors
re starting to be understood (Self and Nestler, 1995),
everal lines of evidence suggest that cocaine-induced
timulation of dopaminergic neurotransmission within
ortical and subcortical limbic structures plays a piv-
tal role both in acute drug action and in initiating

This work was supported by DA-09467, DA-00384 (J.B.M.), and

BA-00354 (B.E.K.).
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eural adaptations which contribute to drug depen-
ence (Koob and Le Moal, 1997; Koob and Nestler,
997; Koob and Bloom, 1988; Wise, 1996; Wise and
ompre, 1989). Therefore, elucidating anatomic and

emporal patterns of regional brain activation following
ocaine administration in naive and drug-dependent
ubjects may provide insights into the cascade of events
ridging the acute and the chronic effects of cocaine.
Animal models of drug action and addiction are

seful tools to characterize neurobiologic determinants
f mechanisms underlying cocaine action (Hyman, 1996;
elf et al., 1996). Such models permit application of

nvasive technology that cannot be used easily to study
umans, facilitate pharmacological manipulation of
pecific neurotransmitter systems and receptor sub-
ypes, and enable comparison of drug effects in naive
nd chronically exposed or addicted animals. Func-
ional magnetic resonance imaging (fMRI) provides a
eans to link mechanistic studies of drug action and

ddiction in animal models to recent studies of human
rain activation by psychostimulants (Breiter et al.,
997; Gollub et al., 1996; Stein et al., 1998).
The recent availability of a new class of paramag-

etic contrast agents with long blood half-lives makes
MRI an important new tool for the study of drug
ction. These agents, not yet available for human use,
ignificantly enhance the sensitivity of fMRI relative to
ndogenous contrast (Mandeville et al., 1996; Kennan
t al., 1998; van Bruggen et al., 1998; Palmer et al.,
999) and, thereby, improve effective spatiotemporal
esolution. Although autoradiographic techniques such
s metabolic mapping with 2-deoxyglucose (Sokoloff et
l., 1977) or CBF mapping with iodoantipyrene (So-
oloff, 1981) have a much higher spatial resolution, the
estructive nature of the approach restricts use to
nimal studies and obviously limits temporal resolu-
ion to a single time point per animal or an average
hange in activity integrated over a long time period.

ecause dynamic magnetic resonance imaging is nonin-
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14 MAROTA ET AL.
asive, a single subject can be studied multiple times,
ermitting the investigation of the evolution of a sub-
ect’s response to an experimental challenge. In con-
rast, while positron emission tomography (PET) is
ondestructive, it has reduced spatial and temporal
esolution, which is particularly limiting in small ani-
al studies. Furthermore, the low sensitivity makes

cute drug studies challenging.
In this study, we employed a drug-naive rat model to

dentify the anatomical and temporal pattern of brain
ctivation induced by cocaine. Using contrast-agent-
nhanced fMRI, we mapped the magnitude and re-
ional extent of changes in relative cerebral blood
olume (rCBV) in response to cocaine in order to
nvestigate regional differences in temporal and dose
esponses. In addition, we identified the importance of
he D1 receptor in mediating fMRI activation produced
y acute cocaine infusion. We report here anatomically
istinct regional differences in the time course of
ctivation with segregation of projections from the
entral tegmental area into regions of early or late
esponse.

METHODS

Animal Preparation

All procedures were approved by the MGH Subcom-
ittee for Research Animal Care in accordance with
IH guidelines. Male Harlan Sprague–Dawley rats

225–300 g) were anesthetized briefly with 1.5% halo-
hane in oxygen for insertion of left femoral arterial and
enous cannulae and placement of tracheostomy for
echanical ventilation (16-gauge intravenous cath-

ter; Inste-W; Becton–Dickinson, Sandy, UT). All
ounds were infiltrated with 1% lidocaine before inci-

ion. Following surgery, the inspired halothane concen-
ration was reduced to 0.7% and rats were paralyzed
ith 2 mg/kg intravenous pancuronium, followed by a

ontinuous intravenous infusion of 2 mg/kg/h. Pancuro-
ium was dissolved in normal saline administered at 5
l/kg/h. Rats were mechanically ventilated (small ani-
al volume controlled ventilator; Harvard Apparatus,

nc., South Natick, MA) with an 80/20 air/oxygen
ixture, an inspiratory to expiratory ratio of 1:1, and

n initial tidal volume of 3.0 ml at a rate of 40 breaths
er minute. Ventilation parameters were adjusted to
aintain normal arterial blood gases (pH 7.40 6 0.01,
aCO2 40 6 2, PaO2 145 6 10). One-hundred fifty-
icroliter blood samples withdrawn from the arterial

annula were analyzed for partial pressures of oxygen
nd carbon dioxide and pH (Ciba–Corning Model 1304)
efore administration of any drugs and at the conclu-
ion of each experiment to ensure animal stability.
rterial blood pressure (ABP) and rectal temperature
ere monitored throughout experiments; rats were

xcluded from analysis if the mean ABP was less than e
05 mm Hg. In a subset of animals, the arterial blood
ressure waveform was collected, stored, and analyzed
sing MacLab/8 data acquisition and analysis system

ADInstruments, Mountain View, CA); heart rate was
alculated from arterial pressure pulses by the data
cquisition software. Rat torsos were wrapped in two
eating blankets (Gaymar, Orchid Park, NY) circulat-

ng warm water to maintain core temperature at
7–38°C. To minimize MRI motion artifact, rats were
laced into a custom plastic cradle attached to a head
rame machined from delrin plastic (David Kopf Instru-
ents, Fremont, CA); heads were fixed with plastic

crews inserted into the ear canals and a bar inserted
nder the front incisors. Rat heads were shaved and
overed with gel toothpaste to reduce magnetic suscep-
ibility artifacts arising from air–tissue interfaces; ear
anals and oropharynx were also filled with toothpaste.
n MRI surface coil was secured over the dorsal surface
f the head before positioning the animal in the magnet
enter.
Cocaine (RBI, Natick, MA) and SCH-23390 (RBI,
atick, MA) were dissolved in normal saline. Both
rugs were administered as 0.5 ml bolus infusions at a
ate of 1 ml/min via the femoral vein. Sixty minutes
assed before repeat injections of cocaine.

Magnetic Resonance Imaging

Imaging studies were performed at a field strength of
T (SISCO spectrometer; Varian Spectroscopic Instru-
ents, Palo Alto, CA). A 30-mm transmit and receive

inear radio frequency surface coil was used in all
tudies for brain water excitation and detection. Prior
o functional imaging, a multislice set of high-resolu-
ion conventional T2-weighted coronal rat brain images
as used to localize the anterior commissure. fMRI

tudies employed multislice gradient echo planar imag-
ng of 9–15 contiguous coronal brain slices of 1 mm
hickness with the first slice approximately 2 mm
ostral to the anterior commissure; resolution in the
mage plane was 0.6 mm2. Images were acquired with
radient echo times of 25 ms and repetition times of 5 s;
wo averages were acquired for each time point for a
emporal resolution of 10 s.

To significantly enhance fMRI sensitivity, a monocrys-
alline iron oxide nanocolloid (MION) with a very long
lood half-life was injected at an iron dose of 12 mg/kg.
ION was synthesized using previously described

echniques (Shen et al., 1993; Mandeville et al., 1997);
he biodistribution (Schaffer et al., 1993) and physico-
hemical properties (Shen et al., 1993; Jung et al., 1996)
ave been reported. The blood half-life of MION is
pproximately 4 h in rats (Jung et al., 1996); brain
ransverse relaxation rate following injection of unla-
eled MION shows no detectable change for 3 h after

quilibration in the blood (Mandeville et al., 1997).
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FIG. 1. (A) High-resolution conventional T2-weighted images of
ame slices as in A. The numbered overlays depict regions of interest
rontal cortex; 2, AGm, agranular medial frontal cortex; 3, MPFC, m
nterior cingulate cortex; 6, VL St, ventrolateral striatum; 7, DM ST, d
S FP, forepaw somatosensory cortex; 10, D Thal, dorsal thalamus; 11

FIG. 2. Map of regional CBV response in rat after infusion of 1
oronal slices; the first slice is approximately 1 mm rostral to anterior
the 1-mm brain slices used for analysis. (B) Echo planar images of the
for time- and dose-dependent analysis of rCBV: 1, AGl, agranular lateral
edial prefrontal cortex; 4, N Ac, nucleus accumbens region; 5, A Cing,
orsomedial striatum; 8, SS WH, whisker barrel somatosensory cortex; 9,
, Aud, auditory cortex; 12, Vis, visual cortex.
.0 mg/kg cocaine. Data are presented for nine consecutive 1-mm-thick
commissure. The percentage increase in rCBV is depicted in pseudocolor
range 1–49%) overlying the gradient echo planar images.
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16 MAROTA ET AL.
Data Analysis

In order to generate average images of cocaine action,
ll functional image sets were manually registered onto
he same brain template. The template was initially
roduced from a single data set. After registering many
nimals, the average brain image was used as the
emplate; data that were registered to the initial tem-
late were then registered to the new template. To
egister data from an individual animal, first a mul-
islice image set was generated by averaging images
rom many time points prior to cocaine infusion. This
mage set was then visually registered to the template
sing 6 degrees of freedom (3 shifts and 3 rotations).
ince motion during data acquisition was not a problem
ue to anesthesia and paralysis, the 6 registration
arameters determined for each rat were applied to all
ime points for that animal. Due to image distortions
nd anatomical variability, alignment error was esti-
ated to be as large as 0.5 mm in each dimension,
hich reduced the effective image resolution to about 1
m3. Figure 1B shows the result of the registration

rocedure for one data set (nine animals); for anatomi-
al reference, conventional spin-echo images acquired
n a single animal are also shown (Fig. 1A).

After image registration, rCBV as a function of time
t) was calculated for each image voxel by assuming a
inear relationship between the local blood volume
raction (V ) and the change in transverse relaxation
ate (DR*2) after injection of MION contrast agent,
CBV(t) 5 DV(t)/V(0) 5 DR*2(t)/DR*2 (0) 2 1, where DR*2
as calculated from the echo time (TE) and signals
efore (SPRE) and after (SPOST) MION injection as
R*2(t) 5 2ln (SPOST(t)/SPRE)/ TE. Using this technique,
ypercapnia-induced changes in CBV compared well
ith similar determinations made by PET and X-ray

omputed tomography (Mandeville et al., 1998; Payen
t al., 1998; Zaharchuk et al., 1998).
Brain maps of drug-induced changes in CBV were

roduced from the average temporal response to drug
dministration. For each time point, registered images
rom all animals in a group were averaged to produce a
eries of images which typically contained 30–60 im-
ges prior to drug administration and 150 images
ollowing drug injection. Each voxel was then subjected
o a Student group t test between time points before
njection and time points from 1 to 11 min after
njection. To reduce false positives, a statistical thresh-
ld of P , 0.01 was subjected to a Bonferroni correction
or the total number of brain voxels to reduce the
hreshold for significance to P , 1 3 1027. For each
oxel that reached statistical significance, percentage
CBV was indicated using a color scale overlaid on the
verage brain images. Separate maps were generated
or positive and negative change in CBV.

A more conservative statistical test that did not take

ull advantage of the temporal information was applied
o data in an analysis for regions of interest, which are
efined in Fig. 1. For each animal, the average values of
CBV were calculated during the 5-min predrug base-
ine and from 1 to 11 min after drug infusion; the
ercentage change in rCBV was then calculated. These
ata were then subjected to a paired t test across the
umber of animals comparing pre- versus postdrug
CBV within each animal at each dose of cocaine.
An image-based analysis of the regional temporal

esponse was performed. For each image voxel, the
ime to reach maximum response of rCBV following
ocaine injection was calculated and indicated using a
olor scale overlaid on the average brain images. Prior
o calculation of the time to peak, the temporal re-
ponse of each voxel was subjected to a 5-min moving
verage to smooth signal fluctuations.

RESULTS

Acute intravenous cocaine infusion increased rCBV
ontrast signal in multiple regions of rat brain (Fig. 2).
he map was generated by averaging results obtained

rom nine individual rats which received 1.0 mg/kg
ocaine infusion. The color overlay indicates the percent-
ge change in CBV for each voxel that reached a
hreshold of statistical significance of P , 1 3 1027

ssessed as a group t test comparison between pre-
baseline of 5 min before drug infusion) and postdrug
nfusion signal (from 1 to 11 min after cocaine). All nine
ats studied showed a similar magnitude and regional
attern of activation. There was marked activation
hroughout the entire frontal cortex with extension into
arietal and occipital regions. In all regions of cortex,
he maximum increase in regional blood volume oc-
urred within middle cortical layers. Activation of
ubcortical structures was also evident, with discrete
egional increases within ventrolateral and dorsome-
ial striatum, nucleus accumbens region, and dorsal
halamus. At no time after cocaine infusion were any
ignificant changes in CBV detected in any discernable
ortion of cerebellum, hippocampus, hypothalamus,
idbrain tegmentum, medulla, or pons (P . 0.05 com-

ared to predrug baseline in all regions). Although CBV
id not decrease in any region of brain parenchyma,
ocal areas within large venous structures, including
he sagittal and straight sinus and the venous plexus,
ithin the transverse fissure did show positive signal

hanges; we attribute these to alteration in blood
xygenation within draining veins. There was no signifi-
ant difference in the regional extent of activation when
aseline signal was compared to postdrug infusion
eriods of 1 to 5, 12 to 21, or 1 to 25 min after cocaine
nfusion. As such, we could not identify any additional
reas of activation nor any region which exhibited
ctivation only at a later time period.

Because cocaine stimulates dopaminergic neuronal
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17fMRI OF COCAINE-INDUCED RAT BRAIN ACTIVATION
ransmission within brain, we examined the magni-
ude and duration of changes in CBV after cocaine
nfusion in 12 brain regions (defined under Methods)
ncluding 8 forebrain sites with rich (e.g., frontal cor-
ex) and sparse (e.g., occipital cortex) dopamine inner-
ation as well as 4 subcortical structures. Figure 3
llustrates the dose dependence of the magnitude of
esponse to cocaine detected in these 12 regions. Infu-
ion of 0.1 mg/kg cocaine produced a small effect on
CBV; in contrast, rCBV increased significantly at 0.5
g/kg (P , 0.0005 all regions except dorsomedial stria-

um, P , 0.0007, and nucleus accumbens region,
, 0.0025) in all regions but showed no significant

dditional increase in magnitude at 1.0 mg/kg. Further-
ore, there was no significant difference in regional

xtent of activation between 0.5 and 1.0 mg/kg. At doses
f 5 mg/kg and higher, the response was associated with
rofound hypotension and cardiac arrhythmia, which
onfound interpretation of results (data not shown).
We were able to distinguish two distinct patterns of

emporal response to cocaine infusion in rat brain.
igure 4A illustrates the regional distribution of this
ifference in temporal response after 1.0 mg/kg cocaine.
he color overlay represents the time in minutes for
ach voxel to reach peak activation determined as
aximum change in rCBV. As shown, there is a gradi-

nt in time to reach maximum activation with lateral
eocortex exhibiting the fastest rise to peak within 3–5

FIG. 3. Dose-dependent response after cocaine infusion in 12 bra

n rCBV for cocaine doses of 0.1 (n 5 6), 0.5 (n 5 11), and 1.0 mg/kg (n 5
in and striatum, nucleus accumbens region, and
edial cortical regions, including the medial prefrontal

nd anterior cingulate cortex, reaching peak activation
t 7–11 min. The time course of response of rCBV after
mg/kg cocaine in four representative regions is shown

n Fig. 4B. We detected only a monophasic temporal
esponse in all brain regions which exhibited a signifi-
ant change in rCBV.Although all brain regions reached
aximum activation either earlier (whisker barrel

omatosensory cortex and dorsal thalamus) or later
medial prefrontal cortex and dorsomedial striatum)
han 5 min post-cocaine infusion, the duration of re-
ponse for all activated regions was similar; rCBV
eturned to baseline within 30 min. Furthermore, the
CBV did not fall below the predrug baseline level in
ny region after cocaine. There was no difference in
ither the regional pattern of anatomical distribution
y temporal response or the duration of rCBV response
ollowing 0.5 or 1.0 mg/kg cocaine. The changes in
CBV cannot be due to simple alteration in cerebral
erfusion as a result of blood pressure fluctuation since
ocaine infusion was associated with only a transient
nd small (5–10 mm Hg) increase in arterial blood
ressure which had resolved before a change in CBV
as detected (Fig. 4C).
Because blockade of the D1 dopaminergic receptors

as been shown to antagonize the effects of cocaine on
oth behavior and cerebral metabolism (Steketee and

egions. Data are presented as means 6 SEM for percentage increase
in r

9).
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18 MAROTA ET AL.
raswell, 1997; Baker et al., 1998; Le et al., 1997;
rugman and James, 1993), we examined the effect of
CH-23390, a selective D1 antagonist, on the fMRI
attern of cerebral activation induced by cocaine. Pre-
reatment of rats with 0.5 mg/kg SCH-23390 before
nfusion of 0.5 mg/kg cocaine blocked almost all cocaine-

FIG. 4. (A) Map of time to reach maximum increase in rCBV after
inutes for each voxel in which there was significant change in rCBV

or three consecutive 1-mm-thick coronal slices; the first slice is appr
mages 1, 2, and 3 in Fig. 1B). (B) Time-dependent changes in CBV
ocaine was infused at time 0 min. Data represent average perce

mmediately before cocaine infusion.
nduced increase in rCBV (Fig. 5A) in all activated s
egions. Rats pretreated with 0.1 mg/kg SCH-23390
efore infusion of 1.0 mg/kg cocaine (data not shown,
5 4) showed a similar blockade of cocaine-induced

ctivation in all brain regions. Administration of SCH-
3390 alone at either 0.1 or 0.5 mg/kg produced a small,
egion-specific decrease in rCBV in a distribution of

mg/kg cocaine infusion. The pseudocolor overlay depicts the time in
me regions as in Fig. 1) to reach peak activation. Data are presented
mately at the level of the anterior commissure (slices correspond to
thin four brain regions of interest after 1.0 mg/kg cocaine infusion.
ge changes in CBV (n 5 9) relative to a 5-min baseline obtained
1.0
(sa
oxi
wi
nta
tructures similar to that in which CBV increased after
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19fMRI OF COCAINE-INDUCED RAT BRAIN ACTIVATION
nfusion of cocaine without SCH-23390 pretreatment
Fig. 5B).

DISCUSSION

Functional MRI technology provides high spatial and
emporal resolution for mapping region-specific brain
ctivation. Since CBV-weighted fMRI significantly im-
roves functional sensitivity relative to BOLD fMRI
Mandeville et al., 1998), we chose this technique to
ap the regional activation pattern induced by acute

ocaine infusion in the drug-naive rat. We observed a

FIG. 5. (A) Magnitude of response in 12 brain regions after SCH
CH-23390 (n 5 3). Data are presented as means 6 SEM for percen
verage percentage changes in CBV relative to a 5-min baseline obtain
ignificantly different from baseline; P , 0.001. (B) Map of decrea
resented for three consecutive 1-mm-thick coronal slices; the first
orrespond to images 1, 2, and 3 in Fig. 1B). The percentage decrease i
lanar images.
ose-dependent, region-specific activation of cortical c
nd subcortical structures that was notably evident in
egions with significant dopaminergic innervation. This
ctivation can be suppressed by pretreatment with a
1 dopaminergic receptor antagonist before cocaine.
urprisingly, the temporal response of cocaine-induced
ctivation discriminated regions within brain into late
nd early responding areas that were segregated along
euroanatomical boundaries.
Several lines of evidence argue strongly that the

hanges in fMRI signal described here are a direct
onsequence of cocaine-induced regional increases in
rain activity and not due to simple systemic effects of

2290 (n 5 3), cocaine (n 5 11), and cocaine after pretreatment with
ge increase of rCBV. *P , 0.01 by group t test comparison between
immediately before drug infusion. For cocaine alone, all regions were
in regional CBV after infusion of 0.5 mg/kg SCH-23390. Data are
ce is approximately at the level of the anterior commissure (slices
BV is depicted in pseudocolor (range 2–23%) overlying gradient echo
-3
ta
ed

se
sli

n rC
ocaine or a global effect on cerebral vasculature. First,
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20 MAROTA ET AL.
e detected a pronounced region-specific pattern of
ctivation after cocaine infusion with no increase in
CBV within the hippocampus, amygdala, or cerebel-
um and activation of only selected portions within the
triatum and thalamus. Moreover, suppression of acti-
ation by a specific D1 dopaminergic receptor antago-
ist suggests a highly selective receptor-mediated pro-
ess. Furthermore, identification of two distinct
emporal responses of activation following bolus infu-
ion indicates that simple plasma kinetics cannot ac-
ount for the time course of brain activation. As such, it
s difficult to reconcile cocaine-induced increases in
CBV as a global effect on vasculature. Finally, in
ontrast to the robust and prolonged response in CBV
hich lasted for over 20 min after cocaine infusion, we
bserved only small, transient alterations of blood
ressure lasting less than 2 min (Fig. 4C). We conclude,
herefore, that the pattern of brain activation we
bserved is a direct consequence of the selective action
f cocaine on particular cortical and subcortical targets
esulting in neural activation within specific struc-
ures.

The anatomic pattern of activation and dose response
eported here agree closely with both previously re-
orted region-specific increases in metabolic rate (Por-
ino, 1993; Porrino et al., 1988; London et al., 1986,
990) and CBF (Stein and Fuller, 1992, 1993) following
ntravenous cocaine administration. Porrino reported
ignificant increases in local cerebral glucose utiliza-
ion in only the medial prefrontal and nucleus accum-
ens after 0.5 mg/kg cocaine, with significant increases
n sensorimotor cortex, as well as ventral, dosomedial,
nd dorsolateral caudate and substantia nigra only
fter 1 mg/kg cocaine. Similarly, Stein et al., reported
ignificant increases in CBF in selective mesocortical
nd nigrostriatal structures after 0.75 and 1.0 mg/kg.
e detected little difference in either magnitude or

istribution of activated structures between 0.5 and 1.0
g/kg. The larger extent of activation observed in our

tudy at lower doses may reflect enhanced sensitivity of
MRI. It is of note, however, that the dose at which we
rst detect functional activation of brain by cocaine is
imilar to the dose at which rats begin to self-
dminister (Papasava et al., 1981; Papasava and Singer,
985). Finally, at intravenous doses of 5 mg/kg or more,
e observed profound systemic effects similar to the

esults of Booze et al., in awake animals (Booze et al.,
997); such hemodynamic instability confounds inter-
retation of brain-mapping techniques.
One major difference between our experimental con-

itions and previously reported studies mapping co-
aine-induced changes in brain activity is our use of
eneral anesthesia in these experiments. Technical
estrictions inherent to fMRI necessitate the use of
nesthesia for rodent studies. As such, we chose light

eneral anesthesia with halothane because previous b
tudies have shown that both flow-metabolism coupling
nd responsiveness to stimulation are preserved (Han-
en et al., 1989; Lindauer et al., 1993; Ueki et al., 1992).
urthermore, preliminary results from parallel experi-
ents conducted in our laboratory to identify cocaine-

nduced changes in regional metabolic activity mapped
ith 2-deoxyglucose methodology reveal good correla-

ion in both regions and relative magnitudes of re-
ponse between halothane-anesthetized and awake rats
Jones et al., 1998).

By inhibiting reuptake of the catecholamines norepi-
ephrine and dopamine and the indoleamine serotonin,
ocaine is believed to exert its primary action in the
entral nervous system by potentiating activity of these
eurotransmitters at nerve terminals (Gold et al.,
985). The anatomic pattern of cocaine-induced activa-
ion described here, with predominantly frontal cortical
ctivation and subcortical activation in striatum and
ucleus accumbens region, strongly correlates with the
patial distribution of D1 receptor distribution (Man-
our et al., 1990; Fremeau et al., 1991; Kosofsky et al.,
995b) and dopaminergic innervation as reflected by
yrosine hydroxylase fiber density (Fallon and Moore,
978; Bjorklund and Lindvall, 1984). The relevance of
opaminergic mechanisms is confirmed by our ability
o block most, but not all, of the cocaine-induced signal
y pretreating animals with the selective D1 antago-
ist SCH-23390. These data are consistent with the
otion that some cocaine-induced ‘‘positive’’ activation
ediated via the D1 receptor may occur in the setting

f an additional nondopaminergic activation. Whether
his reflects cocaine-induced noradrenaline- or seroto-
in-mediated neural activity is an area for future

nvestigation.
It is interesting to note that SCH-23390 itself pro-

uced a small and sustained ‘‘negative activation’’ in an
natomic pattern of distribution similar to that of
ocaine activation. This is consistent both with the
istribution of D1 receptors in rat brain and with
revious findings of region-specific decreases in meta-
olic rate after D1 blockade described by others (Trug-
an and James, 1993). Because rCBV decreased in

hese regions after SCH-23390, we conclude that there
ust be some element of resting dopaminergic meta-

olic activity mediated via the D1 receptor in these
tructures which is suppressed by blockade of the D1
eceptor. Of note, however, the dorsomedial region of
he striatum exhibited maximal negative activation
nduced by SCH-23390 (Fig. 5B), whereas cocaine-
nduced positive activation was greatest in dorsal–
entral striatum, an area which overlaps with maximal
ocaine-induced c-fos activation (Young et al., 1991;
teiner and Gerfen, 1993; Graybiel et al., 1990; Kosof-
ky et al., 1995a).
A key result of this study is the ability to discriminate
etween anatomical regions of activated brain by tem-



p
i
p
f
(
1
l
v
t
e
l
a
c
d
c
g
h
w
c
fi
a
i
a
i
A
t
n
d
s
t
t
V
w
s
g

w
h
d
h
t
s
d
a
B
r
p
h
n
p
i
d
p
i
b
s

e
a
w

a
c
i
a
v
s
t
g
t
b
o
p
f
c
a
r
i
s
o

B

B

B

B

F

F

G

G

G

21fMRI OF COCAINE-INDUCED RAT BRAIN ACTIVATION
oral response. As shown in Fig. 2, structures respond-
ng to cocaine activation respect the general topogra-
hy of ascending dopaminergic projections to the
orebrain originating in the ventral tegmental area
VTA) and substantia nigra (Bjorklund and Lindvall,
984; Fallon and Moore, 1978). Both the early and the
ate responding regions depicted in Fig. 4 are inner-
ated by these ascending dopaminergic midbrain projec-
ions (Swanson, 1982). Early responding areas, how-
ver, localize predominantly to lateral neocortex and
ate responding regions represent medial allocortical
reas including medial prefrontal cortex and anterior
ingulate cortex. Although cocaine-induced activation
iscriminates these structures on a functional basis,
ytoanatomical differences do exist between these two
roups of projections. Specifically, the lateral neocortex
as a relatively low density of dopaminergic projections
ith innervation restricted primarily to superficial

ortical layers; the highest density of dopaminergic
bers is located in layer I. In distinction, medial
llocortical areas have a high density of dopaminergic
nnervation with peak density at the layer I/II border in
nterior cingulate cortex and at the layer IV/V border
n MPFC (reviewed by Oades and Halliday, 1987).
dditional factors which may contribute to these dis-

inct temporal response profiles may include intercon-
ectivity among limbic structures and the density and
istribution of projections from other monoaminergic
ystems (e.g., serotonergic), as well as specific distribu-
ion of individual receptor subtypes. Although elucida-
ion of the mechanism by which activation of a subset of
TA innervated structures is delayed relative to others
ill require additional studies, these data do indicate a

elective differential effect of cocaine within dopaminer-
ic innervated sets of brain regions.
It is worth comparing our results in drug-naive rats
ith parallel studies in humans with a cocaine-using
istory (Breiter et al., 1997). While basic anatomical
ifferences preclude direct comparison between rat and
uman cortical structures, there is notable overlap in
hat activated subcortical structures, including both
triatum and nucleus accumbens, receive ascending
opaminergic input from the ventral tegmental area
nd substantia nigra. It is interesting to note that
reiter et al. also described a trend within subcortical

egions, including the nucleus accumbens, to exhibit a
rolonged response after acute cocaine exposure in
uman cocaine users. Despite rats being both drug
aive and anesthetized, the similarity in activation
atterns implies that some components of cocaine-
nduced brain activation are a direct consequence of
opaminergic mechanisms rather than cognitive state,
ast drug history, or behavioral correlates of drug-
nduced activation. Furthermore, since SCH-23390 can
lock most of the cocaine-induced brain activation,

imilar fMRI experiments in humans could suggest the
xtent to which dopaminergic mechanisms mediate
spects of cocaine-induced brain activation associated
ith euphoria.
In summary, this study reinforces the importance of

scending dopaminergic input to cortical and subcorti-
al structures as a critical determinant of cocaine-
nduced brain activation at behaviorally relevant doses
nd implicates the importance of signal transduction
ia the D1 receptor. Furthermore, the identification of
eparate temporal responses within projections from
he ventral tegmental area and substantia nigra sug-
ests a new dimension of complexity to understanding
he response of the central nervous system to activation
y cocaine. Because of the significant overlap between
ur results and the regional and temporal activation
attern observed in humans, we are encouraged that
urther fMRI experiments in rodents to dissect the
ellular and molecular basis for cocaine-induced brain
ctivation will shed light on the neurochemical systems
elevant in mediating cocaine-induced brain activation
n human drug addicts with the ultimate goals of
elective pharmacological intervention and treatment
f cocaine addiction.
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