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a b s t r a c t

Background: Neuroimaging studies in psychostimulant addicts have reported functional neural activity
changes in brain regions involved in relapse. However, the difference between the effects of the psy-
chostimulants methamphetamine and cocaine on neuronal activity in a similar setting not been clarified.
Since studies in humans are limited by the inability to study the initial impact of psychostimulant drugs,
we addressed this issue in a rat model.
Objective: Here, we report methamphetamine and cocaine-induced blood-oxygen-level dependent
(BOLD) signal change using functional magnetic resonance imaging (fMRI) in rats receiving drug for the
first time during the imaging session.
Methods: Twenty-three male Long Evans rats underwent fMRI imaging and received an intravenous
infusion of methamphetamine, cocaine, or saline. Anatomical and pharmacological fMRI (pfMRI) were
performed on a 7T BioSpec dedicated research MR scanner under isoflurane gas (1.5–2%). After collecting
baseline data for 10 min, rats received drug over the next 10 min for a total 40 min scan time. Data were
then preprocessed and statistically analyzed in anatomically defined regions of interest (ROIs) that have
been implicated in persistent drug seeking and relapse.
Results: Methamphetamine during the imaging session resulted in a sustained negative BOLD signal
change in key regions of the relapse circuit, except for the prefrontal cortex. In contrast, cocaine evoked a
positive or unchanged BOLD signal in these same regions. In all of the investigated ROIs, there were no
changes in BOLD signal following saline.
Conclusion: Acute methamphetamine and cocaine have distinct patterns of functional activity as mea-
sured by pfMRI.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Methamphetamine (meth) and cocaine are among the most
prevalent drugs of abuse worldwide that pose unique challenges
for treatment due to their highly addictive nature. As with all
abused substances, an incomplete understanding of the drugs’
effects on the central nervous system often impedes treatment
outcome. Both meth and cocaine users display acute and chronic
structural (Dietz et al., 2009; Golden and Russo, 2012), neuro-
chemical (Bennett et al., 1998; Davidson et al., 2005; Ross et al.,
2002; Rouge-Pont et al., 2002; Strickland et al., 1998), and meta-
bolic brain changes (Chang et al., 2007). Chronic meth use causes
pronounced impairments in memory and attention, time-based
tical Sciences, University of
Tampa FL 33612.
prospective memory, reversal learning, and spatial working
memory (Kalechstein et al., 2003; Nordahl et al., 2003; Scott et al.,
2007). Some studies also suggest that repeated administration of
cocaine can result in short- and long-term memory deficits and
increased impulsivity (Bashkatova et al., 2005; Muriach et al.,
2010; Santucci et al., 2004). As such, it is easy to understand why
preventing relapse is a major health need. However, equally re-
levant is the brain's initial response to psychoactive compounds. In
humans, ethical limitations prevent administration of drugs such
as meth and cocaine to participants who lack a drug use history.
Now, with the advent of new imaging techniques, we can take
advantage of animal models to map the functional response to
meth and cocaine in the naïve brain.

In humans, pharmaco-functional magnetic resonance imaging
(MRI) (Jenkins, 2012; Martin and Sibson, 2008) can identify blood-
oxygen-level dependent (BOLD) signal change as a measure of
neuronal activity in localized brain regions. This methodology can
differentiate responsive and non-responsive brain regions to a
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Fig. 1. Time line and study design. (A) Study design. Rats were handled and had a
catheter surgically implanted before imaging. Seven days after surgery, rats un-
derwent MR imaging. (B) pfMRI experimental design. The MRI imaging session
included anatomical and fMRI scans. The pfMRI component included three mod-
ules: pre-infusion, during infusion, and post-infusion.
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drug and distinguish activation patterns of drug users and non-
drug user controls (Zhao et al., 2008). Following an acute cocaine
infusion, specific regional increases in BOLD response were re-
liably measured, despite a 14% decrease in gray matter cerebral
blood flow in humans (Gollub et al., 1998). However, some re-
searchers have concluded that the underlying relationships be-
tween neuronal activity and drug-induced changes in BOLD signal
may be more complex than a direct correspondence (reviewed
in Ekstrom (2010)). Changes in BOLD signal depend not only on
vasodilation (Chen and Parrish, 2009; Liang et al., 2013) but also
vasoconstriction (Kim and Ogawa, 2012). Regardless of the nature
of the BOLD signal change, psychostimulant drugs exert both
neuronal and vascular changes.

By employing neuroimaging techniques much is known about
the different degree of the long-term neuronal changes produced
by meth and cocaine abuse (Volkow et al., 2003); however,
knowledge about the initial impact of psychostimulants on brain
activation is missing. This lack of information is mainly because
human studies are limited by the inability to study the initial
impact of an acute psychostimulant. Animal studies are without
this constraint so use of MRI (a non-invasive measurement
method) in animals further enables observations and comparisons
of psychostimulant actions and consequences as they occur. Also,
comparisons of the drugs transient effects on neuronal and vas-
cular health can be addressed. Important insights gained from
these studies include transient differences in neuronal responses
and differences in the long term effects of psychostimulants on
central nervous system (CNS) function.

Here, we used pharmacological (p)fMRI (Jenkins, 2012; Martin
and Sibson, 2008) to identify BOLD signal changes as a measure of
neurovascular response in drug naïve rats with meth and cocaine
systemically present during the imaging session. In rats, acute co-
caine administration (at doses greater than 0.1 mg/kg i.v.) has pre-
viously been shown to increase BOLD signal in brain regions in-
volved in reward processing, executive functions, and emotional
regulation (Marota et al., 2000). More specifically, these areas in-
cluded the striatum, nucleus accumbens (NAC), thalamus, and
prefrontal and orbitofrontal cortices (Febo et al., 2004; Marota et al.,
2000). An acute amphetamine challenge (3 mg/kg i.v.) given during
an fMRI session had a more pronounced effect on BOLD signal and
resulted in signal changes in the opposite direction as cocaine in
some brain regions. For example, increased BOLD signal change
occurred in the olfactory bulb, cingulate cortex, striatum, septum,
globus pallidus, thalamus, retrosplenial cortex, hippocampus, lateral
entorhinal cortex, inferior colliculus, and pontine reticular nucleus.
In contrast, decreased BOLD signal occurred in the frontal, motor,
auditory, and parietal cortices (Dixon et al., 2005).

Understanding the differences in regional functional response
to psychostimulants is important to elucidate the degree and type
of early response the brain makes to these different drugs. The
early involvement pattern, along with the knowledge of specific
pathways of stimulation may be an early marker for potential
long-term neuroplasticity changes or neural damage. However, a
controlled pfMRI study with meth and cocaine has yet to reveal
the similarities and differences in the acute regional response to
these drugs. In this study, we report on meth- and cocaine-in-
duced functional response measured by BOLD signal change in
anesthetized rats in brain areas involved in addiction and relapse.
2. Results

2.1. Time course analysis

The time line for the experiment and imaging sessions are de-
picted in Fig. 1A and B. The first analysis examined the change in
BOLD signal from pre-infusion to infusion and post-infusion in ana-
tomically defined regions of interest (ROIs) (Fig. 2). These regions
were selected based on their known roles in addiction and relapse.
Each ROI was analyzed with a separate mixed analysis of variance
(ANOVA) as described in the Methods. Table 1 summarizes the re-
sults and presents the data analysis from the mixed ANOVAs and
post-hoc tests for each ROI. As shown in Fig. 3, the majority of ROIs
showed very little change in BOLD signal in the saline condition, as
expected. Some regions showed fairly pronounced decreases in BOLD
signal over time in the meth condition and increases in BOLD signal
over time in the cocaine condition. According to the mixed ANOVAs,
two regions showed a significant Infusion� Time interaction (hip-
pocampus and amygdala) and two regions showed a marginally
significant interaction (hypothalamus and NAC; Fig. 3). None of these
four regions showed infusion group differences at pre-infusion
baseline (according to Tamhane's T2 post-hoc test), but infusion dif-
ferences emerged at later time points (see Table 1 for statistical
statements). Specifically, the amygdala and hypothalamus showed
lower BOLD signal for the meth than cocaine condition during infu-
sion and 10 min post-infusion with a marginally lower BOLD signal
20 min post-infusion in the hypothalamus. The hippocampus showed
a marginal infusion difference (methosaline) at both post-infusion
time points. Multiple comparisons were not significant in any time
window for the NAC. The striatum showed a main effect of infusion,
with meth having a lower BOLD signal than cocaine; however, the
post-hoc comparison of infusion groups was not significant. The NAC
showed a main effect of time, whereby the BOLD signal decreased
from pre-infusion to later time points across all three infusion types.
There were no significant effects or interactions in the thalamus,
prefrontal cortex, or perirhinal cortex.

2.2. Voxel wise analysis

Voxel wise analysis revealed multi regional involvement in pfMRI
changes after drug infusion. In contrast to the time course analysis
that analyzed specific regions of interest, this voxel wise analysis il-
lustrates the whole brain effect. Fig. 4 shows the statistical maps
comparing drug-induced BOLD signal change (20–30 min) with the
baseline phase (pre-infusion). Positive BOLD changes compared to
baseline are indicated in blue and negative BOLD signal changes
compared to baseline are indicated in red-yellow. Whenmeth was on
board relative to saline, negative BOLD signal changes were bilaterally
observed in the hippocampus, hypothalamus, striatum, and some
areas of cortex (po0.05 uncorrected). In comparison, when cocaine
was on board relative to saline, increased BOLD signal was observed
in the thalamus and cortical areas. The contrast between meth and
cocaine revealed activation similar to the contrast between meth and



Table 1
Results from the mixed ANOVAs and post-hoc tests for each ROI comparing the effect of different infusions at different time intervals post-infusion on BOLD.

Region of Interest Infusion� Time interaction Main effect time Main effect infusion Tamhane's T2 test for multiple comparisons

Pre Infusion Post10 Post20

Hippocampus (Fig. 3a) F(6,38)¼2.5, po0.041 NS F(2,20)¼3.4, po0.053 NS NS (MoS) (MoS)
Amygdala (Fig. 3b) F(6,38)¼2.9, po0.021 NS NS NS (MoC) (MoC) NS
Hypothalamus (Fig. 3c) F(6,38)¼2.1, po .0751 NS F(2,20)¼4.4, po0.027 NS (MoC) (MoC) (MoC)
Thalamus (Fig. 3d) NS NS NS NS NS NS NS
NAC (Fig. 3e) F(6,38)¼2.2, po0.0631 F(3,18)¼3.7, po0.032 NS NS NS NS NS
Striatum (Fig. 3f) NS NS F(2,20)¼3.6, po0.048 NS NS NS NS
PFC (Fig. 3g) NS NS NS NS NS NS NS
PRH (Fig. 3h) NS NS NS NS NS NS NS

NAC¼nucleus accumbens, PFC¼prefrontal cortex, PRH¼perirhinal cortex, M¼methamphetamine, C¼cocaine, S¼saline, NS¼not significant.

Fig. 2. Representative coronal anatomical images of selected regions of interest (ROI) relative to bregma. Ten slices that included the following ROIs were selected for BOLD
analysis: (a) hippocampus, (b) amygdala, (c) hypothalamus, (d) thalamus, (e) nucleus accumbens, (f) striatum, (g) prefrontal cortex, and (h) perirhinal cortex. Note that ROIs
span across more than one slice.
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saline; however, in this case the activation difference was more
pronounced. Fig. 4 indicates that, in general, meth induced a wide-
spread decrease in BOLD signal, while cocaine induced an increase in
BOLD signal in fewer regions after infusion.
3. Discussion

Here we compared BOLD signal change in response to an acute
infusion of cocaine, meth, and saline using pfMRI in rats. A major
advantage of the current study was the evaluation of differences in
signal intensity over time using a treatment protocol relevant to
drug self-administration studies. Furthermore, we characterized
differences between drugs within the same exact protocol based
on separate previous reports of amphetamine induced negative
BOLD change (Preece et al., 2007) and positive BOLD changes with
cocaine (Febo et al., 2005). Here, we demonstrated that acute
administration of meth or cocaine had opposing BOLD signal
changes using pfMRI. Specifically, our time course analyses
showed that initial meth exposure during the imaging session
caused a sustained negative BOLD signal change in regions im-
plicated in persistent drug seeking and relapse. In contrast, initial
cocaine exposure resulted in no difference in BOLD signal in sev-
eral of the same ROIs. The voxel wise comparison corroborated the
time course analysis, showing opposing signal changes when co-
caine and meth were compared to saline. Taken together, these
results confirm that different psychostimulants can produce quite
different effects on patterns of brain activity.



Fig. 3. ROI analysis of pfMRI time series. Functional activation as measured by percentage change in BOLD signal intensity over time following an i.v. infusion of meth (n¼8),
cocaine (n¼7), or saline (n¼8). Average activation is shown on the left of each panel with corresponding ROI on the right. The first 10 min of pfMRI was used as the baseline.
The infusions started 10 min into the scan session over a 10 min period. Percent signal change from the baseline is represented as mean7SEM. The results of the statistical
analysis is shown in Table 1.

Fig. 4. Voxel wise statistical analysis of pfMRI data. pfMRI activation (Z statistical maps) produced by drug (meth or cocaine) administration vs. vehicle (saline) with
significantly activated voxels (Po0.05 uncorrected) overlaid on anatomical images. All rats (meth (n¼8), cocaine (n¼7), and saline (n¼8)) were imaged under anesthesia
induced by 2% isoflurane. For each contrast, hot color represents voxels with probability that post-injection (20–30′) BOLD is lower than pre-injection (0–10′) BOLD signal, for
the comparison between drug indicated on top of each row. The cold color represents voxels with probability that post-injection (20–30′) BOLD is lower than pre-injection
(0–10′) BOLD signal for the opposite comparison. The top row compares the meth with the saline group, Meth4saline pixels are shown in red and Methosaline pixels are in
blue. The middle row compares cocaine with saline, cocaine4saline pixels are shown in red and cocaineosaline pixels are shown in blue. The bottom row compares meth
with cocaine, Meth4Cocaine pixels are shown in red and CocaineoMeth are shown in blue.
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We observed a significant positive BOLD signal after cocaine in
the prefrontal cortex relative to meth, but not saline. In the other
ROIs, cocaine failed to induce a significant signal change relative to
saline treated rats. This finding is not congruent with a previous
study (Febo et al., 2005) that reported a peak in signal intensity
immediately after cocaine treatment. The most likely explanations
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for this discrepancy are administration protocol and route of co-
caine delivery used between reports. Febo et al. (2005) infused the
drug via the intracerebroventricular route (20 μg) after a 5 min
habituation period in the magnet and only recorded for the en-
suing 10 min. We infused cocaine intravenously over a 10 min
period (1.2 mg total) following a 10 min habituation while the
subject was inside the magnet. We designed our protocol to cor-
respond with the amount of drug a rat typically infuses during the
first 10 min of operant self-administration procedures (Reichel
et al., 2011, 2012a, 2012b). Regardless, cocaine resulted in an
overall positive (albeit not significant) or no signal change in the
ROIs investigated. A more interesting and striking difference oc-
curred between cocaine and meth. In all subcortical nuclei, meth
and cocaine had opposing signal changes, in that meth caused a
pronounced negative signal change in multiple brain areas. In a
previous study, amphetamine (3 mg/kg i.v.) evoked a negative
BOLD signal change with the greatest effects observed in NAC
(Preece et al., 2007). A negative cerebral blood volume change was
also observed in the hypothalamus of rats that went through co-
caine self-administering in response to cocaine challenge during
the scan session (Chen et al., 2011). Interestingly, acute cocaine
administration in human cocaine-dependent subjects also gener-
ated negative BOLD signal in the amygdala (Breiter et al., 1997;
Kufahl et al., 2005) and NAC, subcallosal cingulate, ventral teg-
mental area, right parahippocampal gyrus, and right posterior
orbital gyrus (Kufahl et al., 2005). A possible explanation for dis-
agreement between our data and human cocaine data is that the
repeated exposure to cocaine alters the polarity of BOLD signal in
various ROIs as seen in cocaine-dependent subjects. However, to
the best of our knowledge, there is no data on human naïve sub-
jects to directly compare with our data.

The interpretation of a negative BOLD signal change in fMRI
studies is currently debated (Kim and Ogawa, 2012). Depending on
the interplay between hemodynamics and metabolism, negative
BOLD can result from decreased neuronal activity (Shmuel et al.,
2006), changes in cerebral blood volume or cerebral blood flow
(Harel et al., 2002; Polesskaya et al., 2011), or increased neuronal
activity (Schridde et al., 2008), or even neuronal damage (Gold
et al., 2009). Schridde et al. (2008) found one explanation for a
sustained negative BOLD signal in their seizure model was due to
disproportionately high neuronal activity and cerebral metabolic
rate of oxygen (CMRO2), with an under-compensating cerebral
blood flow (CBF)/cerebral blood volume (CBV). Combined these
findings lead to accumulation of deoxygenated Hemoglobin (dHb)
and the ensuing negative BOLD change even with increased neu-
ronal activity. Likewise, the negative BOLD response to meth we
observed could involve a much more potent level of neuronal
activity relative to cocaine. Although speculative, this response
may perhaps be a signature of early neurotoxicity of this drug
(Gold et al., 2009).

While the explanation above is certainly plausible, the more
parsimonious explanation meth induced negative signal change is
that changes in cerebral blood volume or blood flow resulted from
sustained vasoconstriction following meth and/or physiological
factors via other organ systems (e.g., respiration). For example,
meth causes significant physiological effects on the cardiovascular
system including increased heart rate, respiration rate, and blood
pressure (Barr et al., 2006), all of which can potentially interfere
with interpretation of a BOLD signal due to changes in cerebral
blood flow and volume (Schmidt et al., 2006). In our fMRI data
analysis, however, the negative BOLD signal change persisted even
when respiration was included as a covariate in ROI analysis. We
therefore suspect that the negative BOLD signal change is related to
changes in blood flow or volume resulting from vasoconstriction.

Cocaine and meth induce cerebral vasoconstriction (Kaufman
et al., 1998a, 1998b, 2001; Kiyatkin et al., 2007; Kousik et al., 2011).
Notably, the time course of vasoconstriction differs between the
drugs as cocaine produces more time limited vasoconstriction
than meth. For example, in rats vasoconstriction lasted less than
5–6 min after a single cocaine exposure of 1 mg/kg i.v. (Du et al.,
2006), while vasoconstriction lasted about 30 min in mice after a
single meth exposure (5 mg/kg i.p.) (Polesskaya et al., 2011). Also,
vasoconstriction following meth exposure may exacerbate meth-
induced brain hyperthermia, indicating altered neuronal activity
(Kiyatkin and Sharma, 2009).

Despite many similar behavioral and physiological effects, meth
and cocaine significantly differ in their mechanisms of action and
central effects. Meth has a clearance half-life of approximately 10 h
in humans, resulting in sustained stimulation (Cruickshank and
Dyer, 2009), while the 1 h half-life of cocaine in humans results in
more transient stimulation (Verstraete, 2004). Meth has a longer
half-life (53–66 min) in rats (Riviere et al., 2000) than cocaine
(8.2 min) (Tsibulsky and Norman, 1999). Both drugs cause changes
in brain regional glucose metabolism, an indicator of regional
cerebral metabolic activity (for a review on brain regional change
see Aron and Paulus (2007)). Cocaine causes changes in glucose
utilization in different anatomical regions. Cocaine abusers have
decreased glucose metabolism in cortical and subcortical portion
of limbic system (Lyons et al., 1996), with particular effects in
neocortical areas, basal ganglia, thalamus, and midbrain (London
et al., 1990; Lyons et al., 1996; Zocchi et al., 2001). A high dose of
acute cocaine increases the rate of glucose metabolism in the
subthalamic nucleus and substantia nigra. Most of these brain
metabolic changes from acute cocaine result from dopamine
transporter blockade (Thanos et al., 2008). Non-dopamine related
drug actions also affect glucose influx (Wakabayashi and Kiyatkin,
2015). During meth intoxication, whole brain metabolism was
higher compared to controls, while metabolism in several different
anatomical regions specifically in striatal and thalamic areas
(Volkow et al., 2001), and in anterior cingulate and insula (London
et al., 2004) were reduced. Taken together, these data indicate
meth and cocaine exposure provoke somewhat distinct regionally
specific cerebral metabolic activity that results in regionally spe-
cific BOLD activation.

One potential explanation for the difference between meth and
cocaine evoked BOLD signal could be the result of neurovascular
decoupling effect of anesthesia used in this study. Isoflurane may
have notable effects on CBF and cerebrovascular coupling relative
to the awake condition, thus affecting the BOLD response (Sicard
et al., 2003). Inhaled 3% isoflurane for one hour decreased the
concentration of dopamine (DA) in striatum of male rats as shown
with in vivo microdialysis (Adachi et al., 2005). Further, isoflurane
anesthesia enhanced the direct inhibitory effects of cocaine on
dopamine transporters and had an indirect effect on dopamine D2
receptor subtypes in male rhesus monkeys as shownwith positron
emission tomography (PET) in combination with microdialysis
(Tsukada et al., 1999).

The importance of a change in the polarity of a BOLD signal
between meth and cocaine merits further investigation in relation
to the physiological and neurovascular effects of the drugs. Future
studies may seek to determine how the mechanisms of meth differ
substantially from cocaine (e.g., serotonin and norepinephrine
reuptake blockade or changes in the intraneuronal vesicular
monoamine transporter (VMAT)) in generating different BOLD
responses.
4. Experimental procedure

4.1. Subjects

Twenty-three male Long Evans rats (Charles-River) weighing
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250–300 g upon delivery in a temperature- and humidity-con-
trolled vivarium on a reversed 12:12 light-dark cycle. Rats received
ad libitum food and water (Harlan, Indianapolis, IN, USA). Proce-
dures were conducted in accordance with the “Guide for the Care
and Use of Laboratory Rats” (Institute of Laboratory Animal Re-
sources on Life Sciences, National Research Council, 1996) and
approved by the IACUC of the Medical University of South Car-
olina. At the end of the experiment, rats were euthanized ac-
cording to standard approved protocol.

4.2. Surgery

Five days before the imaging session, rats were implanted with
a jugular cannula for drug infusion. Anesthesia consisted of in-
traperitoneal (i.p.) injections of ketamine (66 mg/kg; Vedco Inc, St
Joseph, MO, USA), xylazine (1.3 mg/kg; Lloyd Laboratories, She-
nandoah, IA, USA), and Equithesin (0.5 ml/kg; sodium pento-
barbital 4 mg/kg, chloral hydrate 17 mg/kg, and 21.3 mg/kg mag-
nesium sulfate heptahydrate dissolved in 44% propylene glycol,
10% ethanol solution). Ketorolac (2.0 mg/kg, i.p.; Sigma, St. Louis,
MO, USA) was given just prior to surgery as an analgesic. One end
of a silastic catheter was inserted 33 mm into the external right
jugular and secured with 4.0 silk sutures. The other end ran sub-
cutaneously and exited from a small incision just below the sca-
pula. This end attached to an infusion harness (Instech Solomon,
Plymouth Meeting, PA, USA) that provided access to an external
port for i.v. drug delivery. An antibiotic solution of cefazolin
(10 mg/0.1 ml; Schein Pharmaceuticals, Florham Park, NJ, USA)
was given post-surgery and during recovery along with 0.1 ml
70 U/ml heparinized saline (Elkins-Sinn, Cherry Hill, NJ, USA).

4.3. Neuroimaging

The time line for the experiment and imaging sessions is de-
picted in Fig. 1A and B. Imaging was performed on a 7T BioSpec
research dedicated MR scanner (Bruker Biospin, Ettlingen, Ger-
many), equipped with 500 mT/m (rise time 80–120 μs) gradient set
(for performing high resolution small animal imaging) and a small
bore linear RF coil (ID 119 mm) as the RF transmitter and a four
channel surface array coil as the RF receiver. Rats were anesthetized
using isoflurane gas (induction dosage 2–3%, maintenance dosage
1.5–2%), at 1 L/min N2O/O2 (70/30) flow under spontaneous re-
spiration, during the duration of the study. Real time monitoring of
physiological parameters (heart rate, respiratory rate, and body
temperature) were collected during the imaging session for signs of
distress and for fMRI data analysis by using SAII monitoring in-
strument (Small Animal Instruments Inc., Stony Brook, NY). Inside
the magnet body, temperature was maintained with controlled
warm airflow. The time line for the imaging sessions is depicted in
Fig. 1B. First, anatomical images were collected to establish regions
of interest for the fMRI experiment with the following parameters:
T2 weighted-2D Rapid Acquisition with Relaxation Enhancement
(RARE), TR/TE 4000/65 ms, field of view (FOV) 3.2 cm�3.2 cm, slice
thickness 1 mm, slice gap 0.1 mm, number of slices 16, matrix
256�256, number of averages 5, receiver bandwidth 100, kHz. Base
line data for fMRI were collected for 10 min before drug adminis-
tration. These functional images were obtained with a multislice
spin-echo, echo planar imaging (EPI) sequence (Keilholz et al.,
2004) using the following optimized parameters: TR/TE¼2000/
16.5 ms, BW¼250 KHz, FOV¼3.2�3.2 cm, Matrix size¼80�64,
number of repetition¼1200, slice thickness 1 mm, slice gap
0.1 mm, number of slices 16. The geometrical parameters were
optimized for a high signal to noise ratio (SNR) and minimum
susceptibility distortion. Following base line data collection, rats
were administered meth, cocaine, or saline during the ensuing
10 min period, and the scan commenced for an additional 20 min
resulting in a 40 min scan session. Specifically, rats received meth
(0.02 mg/50 ml bolus, total 0.12 mg), cocaine (0.20 mg/50 ml bolus,
total 1.2 mg) or saline (50 ml bolus) delivered in a total of six
infusions of over a 10 min period. The selected cocaine and meth
doses approximate the amount that a rat self-administers during
the first 10 min of a self-administration session in our laboratory
(Reichel et al., 2011, 2012a, 2012b).

4.4. Data processing and analysis

4.4.1. Regions of interest
We created a custom rat brain template based on all rats in-

cluded in the analysis by aligning each rat's high resolution T1
image to a randomly selected T1 image from one rat, which served
as the standard. Each rat brain was aligned to the standard brain
and all normalized brains were averaged to generate the final
template (Tang et al., 2010). ROIs were manually traced on the
template using a rat atlas (Paxinos and Watson, 2008) as a guide.

4.4.2. Image processing
For pfMRI data, preprocessing and data analysis were carried

out using FSL software (version 4.1.7, FMRIB Software Library,
Oxford Center for Functional Magnetic Resonance Imaging of the
Brain, Oxford University, Oxford, U.K.). For each rat, functional runs
were motion corrected and spatially smoothed with an isotropic
Gaussian filter kernel with full width at half maximum (FWHM)
size of 1.1 mm. The 4D data set was also normalized by a single
scaling factor to make the average brain signal intensity equal to
10,000. Preprocessed images were then registered via the corre-
sponding high-resolution anatomical scans to the study-specific
rat brain template. Within each ROI, the time series of signal in-
tensity values were extracted, with the six head motion para-
meters and measured respiratory waveforms removed from the
BOLD time series (via regression of the signal versus time). The
residual time series were then averaged to create 1-min intervals.
The signal intensity from the time series for each rat and each ROI
were then converted to percent signal change using the first time
point's intensity value as a baseline. Each time series was then
down sampled to create four 10-min time windows (0–10, 10–20,
21–30, 31–40 min), which were then submitted to statistical
analyses.

ROI data were analyzed with separate mixed ANOVA's for each
ROI using IBM Statistics (Chicago, IL). The between groups variable
was drug infusion (meth, cocaine, and saline) and the repeated
factor was the time course within a scanning session (four 10-min
time bins: pre-infusion, infusion, post-infusion – first 10 min and
last 10 min). Results from the multivariate tests are reported be-
cause sphericity assumptions did not hold (see Hertzog and Rovine
(1985)). When Drug Infusion�Time interactions emerged, we
used simple effects analysis (Keppel and Zedeck, 1989) to de-
termine at which time point infusion effects emerged. Tamhane's
T2 post-hoc comparisons were used to determine which of the
three infusion conditions were different at each time point. Tam-
hane's T2 test is a conservative pair-wise comparison based on a
t-test that is used when variances are unequal across groups.

In addition to the ROI analysis, voxel-wise statistical analyses
were performed to reveal any other brain regions that could be
sensitive to cocaine or meth effects. At the individual rat level, four
events were defined using FSL’s double gamma hemodynamic
response function and a temporal derivative: baseline (0–10 min),
infusion (10–20 min), 20–30 min, and 30–40 min, using the gen-
eral linear model (FEAT, version 5.98). The main contrast of in-
terest was between baseline and 20–30 min post-infusion, as this
represents the immediate neural response to the drug relative to
the non-drug state. Individual-subject contrasts of Pre4Post-in-
fusion were then submitted to group-level analyses.
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The average group activation for each drug type (meth, cocaine,
and saline) was calculated using FSL's mixed-effect analysis
(FLAME stage 1) with a threshold of z¼1.7 and corrected cluster
p¼0.05. Activation maps were generated to show the significant
effect of meth and cocaine on whole brain (multi regional in-
volvement in fMRI changes after drug infusion). These changes are
represented by (1) the probability of observing post-injection (20–
30 min) BOLD being higher than pre-injection (0–10 min) BOLD
signal for cocaine, and (2) the probability of observing post-in-
jection BOLD being lower than pre-injection BOLD signal for meth.
Disclosure/conflict of interests

No conflict of interest is reported.
Acknowledgment

This research was supported by NIDA Grants DA024401 (JEJ),
HD055885 (CMR), DA034727 (CMR, ST), and NIH Grant C06
RR015455. The authors thank Jennifer Hergatt and Shannon M.
Ghee for technical assistance.
References

Adachi, Y.U., Yamada, S., Satomoto, M., Higuchi, H., Watanabe, K., Kazama, T., 2005.
Isoflurane anesthesia induces biphasic effect on dopamine release in the rat
striatum. Brain Res. Bull. 67, 176–181.

Aron, J.L., Paulus, M.P., 2007. Location, location: using functional magnetic re-
sonance imaging to pinpoint brain differences relevant to stimulant use. Ad-
diction 102 (Suppl 1), S33–S43.

Barr, A.M., Panenka, W.J., MacEwan, G.W., Thornton, A.E., Lang, D.J., Honer, W.G.,
Lecomte, T., 2006. The need for speed: an update on methamphetamine ad-
diction. J. Psychiatry Neurosci. 31, 301–313.

Bashkatova, V., Meunier, J., Maurice, T., Vanin, A., 2005. Memory impairments and
oxidative stress in the hippocampus of in-utero cocaine-exposed rats. Neu-
roreport 16, 1217–1221.

Bennett, B.A., Hollingsworth, C.K., Martin, R.S., Harp, J.J., 1998. Methamphetamine-
induced alterations in dopamine transporter function. Brain Res. 782, 219–227.

Breiter, H.C., Gollub, R.L., Weisskoff, R.M., Kennedy, D.N., Makris, N., Berke, J.D.,
Goodman, J.M., Kantor, H.L., Gastfriend, D.R., Riorden, J.P., Mathew, R.T., Rosen,
B.R., Hyman, S.E., 1997. Acute effects of cocaine on human brain activity and
emotion. Neuron 19, 591–611.

Chang, L., Alicata, D., Ernst, T., Volkow, N., 2007. Structural and metabolic brain
changes in the striatum associated with methamphetamine abuse. Addiction
102 (Suppl 1), S16–S32.

Chen, Y., Parrish, T.B., 2009. Caffeine’s effects on cerebrovascular reactivity and
coupling between cerebral blood flow and oxygen metabolism. Neuroimage 44,
647–652.

Chen, Y.I., Famous, K., Xu, H., Choi, J.K., Mandeville, J.B., Schmidt, H.D., Pierce, R.C.,
Jenkins, B.G., 2011. Cocaine self-administration leads to alterations in temporal
responses to cocaine challenge in limbic and motor circuitry. Eur. J. Neurosci.
34, 800–815.

Cruickshank, C.C., Dyer, K.R., 2009. A review of the clinical pharmacology of me-
thamphetamine. Addiction 104, 1085–1099.

Davidson, C., Lee, T.H., Ellinwood, E.H., 2005. Acute and chronic continuous me-
thamphetamine have different long-term behavioral and neurochemical con-
sequences. Neurochem. Int. 46, 189–203.

Dietz, D.M., Dietz, K.C., Nestler, E.J., Russo, S.J., 2009. Molecular mechanisms of
psychostimulant-induced structural plasticity. Pharmacopsychiatry 42 (Suppl
1), S69–S78.

Dixon, A.L., Prior, M., Morris, P.M., Shah, Y.B., Joseph, M.H., Young, A.M., 2005. Do-
pamine antagonist modulation of amphetamine response as detected using
pharmacological MRI. Neuropharmacology 48, 236–245.

Du, C., Yu, M., Volkow, N.D., Koretsky, A.P., Fowler, J.S., Benveniste, H., 2006. Cocaine
increases the intracellular calcium concentration in brain independently of its
cerebrovascular effects. J. Neurosci. 26, 11522–11531.

Ekstrom, A., 2010. How and when the fMRI BOLD signal relates to underlying neural
activity: the danger in dissociation. Brain Res. Rev. 62, 233–244.

Febo, M., Segarra, A.C., Tenney, J.R., Brevard, M.E., Duong, T.Q., Ferris, C.F., 2004.
Imaging cocaine-induced changes in the mesocorticolimbic dopaminergic
system of conscious rats. J. Neurosci. Methods 139, 167–176.

Febo, M., Segarra, A.C., Nair, G., Schmidt, K., Duong, T.Q., Ferris, C.F., 2005. The
neural consequences of repeated cocaine exposure revealed by functional MRI
in awake rats. Neuropsychopharmacology 30, 936–943.
Gold, M.S., Kobeissy, F.H., Wang, K.K., Merlo, L.J., Bruijnzeel, A.W., Krasnova, I.N.,
Cadet, J.L., 2009. Methamphetamine- and trauma-induced brain injuries:
comparative cellular and molecular neurobiological substrates. Biol. Psychiatry
66, 118–127.

Golden, S.A., Russo, S.J., 2012. Mechanisms of psychostimulant-induced structural
plasticity. Cold Spring Harb. Perspect. Med., 2.

Gollub, R.L., Breiter, H.C., Kantor, H., Kennedy, D., Gastfriend, D., Mathew, R.T.,
Makris, N., Guimaraes, A., Riorden, J., Campbell, T., Foley, M., Hyman, S.E., Rosen,
B., Weisskoff, R., 1998. Cocaine decreases cortical cerebral blood flow but does
not obscure regional activation in functional magnetic resonance imaging in
human subjects. J. Cereb. Blood Flow Metab. 18, 724–734.

Harel, N., Lee, S.P., Nagaoka, T., Kim, D.S., Kim, S.G., 2002. Origin of negative blood
oxygenation level-dependent fMRI signals. J. Cereb. Blood Flow Metab. 22,
908–917.

Hertzog, C., Rovine, M., 1985. Repeated-measures analysis of variance in develop-
mental research: selected issues. Child Dev. 56, 787–809.

Jenkins, B.G., 2012. Pharmacologic magnetic resonance imaging (phMRI): imaging
drug action in the brain. Neuroimage 62, 1072–1085.

Kalechstein, A.D., Newton, T.F., Green, M., 2003. Methamphetamine dependence is
associated with neurocognitive impairment in the initial phases of abstinence.
J. Neuropsychiatry Clin. Neurosci. 15, 215–220.

Kaufman, M.J., Levin, J.M., Maas, L.C., Rose, S.L., Lukas, S.E., Mendelson, J.H., Cohen,
B.M., Renshaw, P.F., 1998a. Cocaine decreases relative cerebral blood volume in
humans: a dynamic susceptibility contrast magnetic resonance imaging study.
Psychopharmacology 138, 76–81.

Kaufman, M.J., Levin, J.M., Ross, M.H., Lange, N., Rose, S.L., Kukes, T.J., Mendelson, J.
H., Lukas, S.E., Cohen, B.M., Renshaw, P.F., 1998b. Cocaine-induced cerebral
vasoconstriction detected in humans with magnetic resonance angiography.
JAMA 279, 376–380.

Kaufman, M.J., Levin, J.M., Maas, L.C., Kukes, T.J., Villafuerte, R.A., Dostal, K., Lukas, S.
E., Mendelson, J.H., Cohen, B.M., Renshaw, P.F., 2001. Cocaine-induced cerebral
vasoconstriction differs as a function of sex and menstrual cycle phase. Biol.
Psychiatry 49, 774–781.

Keilholz, S.D., Silva, A.C., Raman, M., Merkle, H., Koretsky, A.P., 2004. Functional MRI
of the rodent somatosensory pathway using multislice echo planar imaging.
Magn. Reson. Med. 52, 89–99.

Keppel, G., Zedeck, S., 1989. Data Analysis for Research Designs. W. H. Freeman And
Company, New York.

Kim, S.G., Ogawa, S., 2012. Biophysical and physiological origins of blood oxyge-
nation level-dependent fMRI signals. J. Cereb. Blood Flow Metab. 32,
1188–1206.

Kiyatkin, E.A., Sharma, H.S., 2009. Acute methamphetamine intoxication: brain
hyperthermia, blood-brain barrier, brain edema, and morphological cell ab-
normalities. Int. Rev. Neurobiol. 88, 65–100.

Kiyatkin, E.A., Brown, P.L., Sharma, H.S., 2007. Brain edema and breakdown of the
blood-brain barrier during methamphetamine intoxication: critical role of
brain hyperthermia. Eur. J. Neurosci. 26, 1242–1253.

Kousik, S.M., Graves, S.M., Napier, T.C., Zhao, C., Carvey, P.M., 2011. Methampheta-
mine-induced vascular changes lead to striatal hypoxia and dopamine reduc-
tion. Neuroreport 22, 923–928.

Kufahl, P.R., Li, Z., Risinger, R.C., Rainey, C.J., Wu, G., Bloom, A.S., Li, S.J., 2005. Neural
responses to acute cocaine administration in the human brain detected by
fMRI. Neuroimage 28, 904–914.

Liang, C.L., Ances, B.M., Perthen, J.E., Moradi, F., Liau, J., Buracas, G.T., Hopkins, S.R.,
Buxton, R.B., 2013. Luminance contrast of a visual stimulus modulates the BOLD
response more than the cerebral blood flow response in the human brain.
Neuroimage 64, 104–111.

London, E.D., Cascella, N.G., Wong, D.F., Phillips, R.L., Dannals, R.F., Links, J.M.,
Herning, R., Grayson, R., Jaffe, J.H., Wagner Jr., H.N., 1990. Cocaine-induced re-
duction of glucose utilization in human brain. A study using positron emission
tomography and [fluorine 18]-fluorodeoxyglucose. Arch. Gen. Psychiatry 47,
567–574.

London, E.D., Simon, S.L., Berman, S.M., Mandelkern, M.A., Lichtman, A.M., Bramen,
J., Shinn, A.K., Miotto, K., Learn, J., Dong, Y., Matochik, J.A., Kurian, V., Newton, T.,
Woods, R., Rawson, R., Ling, W., 2004. Mood disturbances and regional cerebral
metabolic abnormalities in recently abstinent methamphetamine abusers.
Arch. Gen. Psychiatry 61, 73–84.

Lyons, D., Friedman, D.P., Nader, M.A., Porrino, L.J., 1996. Cocaine alters cerebral
metabolism within the ventral striatum and limbic cortex of monkeys. J. Neu-
rosci. 16, 1230–1238.

Marota, J.J., Mandeville, J.B., Weisskoff, R.M., Moskowitz, M.A., Rosen, B.R., Kosofsky,
B.E., 2000. Cocaine activation discriminates dopaminergic projections by tem-
poral response: an fMRI study in Rat. Neuroimage 11, 13–23.

Martin, C., Sibson, N.R., 2008. Pharmacological MRI in animal models: a useful tool
for 5-HT research? Neuropharmacology 55, 1038–1047.

Muriach, M., Lopez-Pedrajas, R., Barcia, J.M., Sanchez-Villarejo, M.V., Almansa, I.,
Romero, F.J., 2010. Cocaine causes memory and learning impairments in rats:
involvement of nuclear factor kappa B and oxidative stress, and prevention by
topiramate. J. Neurochem. 114, 675–684.

Nordahl, T.E., Salo, R., Leamon, M., 2003. Neuropsychological effects of chronic
methamphetamine use on neurotransmitters and cognition: a review. J. Neu-
ropsychiatry Clin. Neurosci. 15, 317–325.

Paxinos, G., Watson, C., 2008. The Rat Brain in Stereotaxic Coordinates. Elsevier,
United States.

Polesskaya, O., Silva, J., Sanfilippo, C., Desrosiers, T., Sun, A., Shen, J., Feng, C.,
Polesskiy, S., Deane, R., Zlokovic, B., Kasischke, K., Dewhurst, S., 2011.

http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref1
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref1
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref1
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref1
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref2
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref2
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref2
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref2
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref3
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref3
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref3
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref3
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref4
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref4
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref4
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref4
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref5
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref5
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref5
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref6
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref6
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref6
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref6
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref6
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref7
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref7
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref7
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref7
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref8
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref8
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref8
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref8
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref9
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref9
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref9
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref9
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref9
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref10
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref10
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref10
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref11
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref11
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref11
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref11
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref12
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref12
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref12
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref12
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref13
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref13
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref13
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref13
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref14
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref14
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref14
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref14
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref15
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref15
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref15
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref16
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref16
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref16
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref16
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref17
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref17
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref17
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref17
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref18
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref18
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref18
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref18
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref18
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref19
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref19
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref100
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref100
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref100
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref100
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref100
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref100
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref20
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref20
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref20
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref20
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref101
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref101
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref101
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref21
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref21
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref21
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref22
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref22
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref22
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref22
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref23
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref23
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref23
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref23
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref23
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref24
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref24
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref24
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref24
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref24
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref25
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref25
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref25
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref25
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref25
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref26
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref26
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref26
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref26
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref27
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref27
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref28
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref28
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref28
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref28
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref29
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref29
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref29
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref29
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref30
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref30
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref30
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref30
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref31
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref31
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref31
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref31
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref32
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref32
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref32
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref32
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref33
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref33
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref33
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref33
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref33
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref34
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref34
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref34
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref34
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref34
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref34
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref35
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref35
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref35
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref35
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref35
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref35
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref36
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref36
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref36
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref36
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref37
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref37
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref37
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref37
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref38
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref38
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref38
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref39
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref39
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref39
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref39
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref39
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref40
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref40
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref40
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref40
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref41
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref41
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref42
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref42


S. Taheri et al. / Brain Research 1642 (2016) 497–504504
Methamphetamine causes sustained depression in cerebral blood flow. Brain
Res. 1373, 91–100.

Preece, M.A., Sibson, N.R., Raley, J.M., Blamire, A., Styles, P., Sharp, T., 2007. Region-
specific effects of a tyrosine-free amino acid mixture on amphetamine-induced
changes in BOLD fMRI signal in the rat brain. Synapse 61, 925–932.

Reichel, C.M., Chan, C.H., Ghee, S.M., See, R.E., 2012a. Sex differences in escalation of
methamphetamine self-administration: cognitive and motivational con-
sequences in rats. Psychopharmacology 223, 371–380.

Reichel, C.M., Schwendt, M., McGinty, J.F., Olive, M.F., See, R.E., 2011. Loss of object
recognition memory produced by extended access to methamphetamine self-
administration is reversed by positive allosteric modulation of metabotropic
glutamate receptor 5. Neuropsychopharmacology 36, 782–792.

Reichel, C.M., Ramsey, L.A., Schwendt, M., McGinty, J.F., See, R.E., 2012b. Metham-
phetamine-induced changes in the object recognition memory circuit. Neuro-
pharmacology 62, 1119–1126.

Riviere, G.J., Gentry, W.B., Owens, S.M., 2000. Disposition of methamphetamine and
its metabolite amphetamine in brain and other tissues in rats after intravenous
administration. J. Pharmacol. Exp. Ther. 292, 1042–1047.

Ross, B.M., Moszczynska, A., Peretti, F.J., Adams, V., Schmunk, G.A., Kalasinsky, K.S.,
Ang, L., Mamalias, N., Turenne, S.D., Kish, S.J., 2002. Decreased activity of brain
phospholipid metabolic enzymes in human users of cocaine and metham-
phetamine. Drug Alcohol Depend. 67, 73–79.

Rouge-Pont, F., Usiello, A., Benoit-Marand, M., Gonon, F., Piazza, P.V., Borrelli, E.,
2002. Changes in extracellular dopamine induced by morphine and cocaine:
crucial control by D2 receptors. J. Neurosci. 22, 3293–3301.

Santucci, A.C., Capodilupo, S., Bernstein, J., Gomez-Ramirez, M., Milefsky, R.,
Mitchell, H., 2004. Cocaine in adolescent rats produces residual memory im-
pairments that are reversible with time. Neurotoxicol. Teratol. 26, 651–661.

Schmidt, K.F., Febo, M., Shen, Q., Luo, F., Sicard, K.M., Ferris, C.F., Stein, E.A., Duong, T.
Q., 2006. Hemodynamic and metabolic changes induced by cocaine in an-
esthetized rat observed with multimodal functional MRI. Psychopharmacology
185, 479–486.

Schridde, U., Khubchandani, M., Motelow, J.E., Sanganahalli, B.G., Hyder, F., Blu-
menfeld, H., 2008. Negative BOLD with large increases in neuronal activity.
Cereb. Cortex 18, 1814–1827.

Scott, J.C., Woods, S.P., Matt, G.E., Meyer, R.A., Heaton, R.K., Atkinson, J.H., Grant, I.,
2007. Neurocognitive effects of methamphetamine: a critical review and meta-
analysis. Neuropsychol. Rev. 17, 275–297.

Shmuel, A., Augath, M., Oeltermann, A., Logothetis, N.K., 2006. Negative functional
MRI response correlates with decreases in neuronal activity in monkey visual
area V1. Nat. Neurosci. 9, 569–577.

Sicard, K., Shen, Q., Brevard, M.E., Sullivan, R., Ferris, C.F., King, J.A., Duong, T.Q.,
2003. Regional cerebral blood flow and BOLD responses in conscious and an-
esthetized rats under basal and hypercapnic conditions: implications for
functional MRI studies. J. Cereb. Blood Flow Metab. 23, 472–481.

Strickland, T.L., Miller, B.L., Kowell, A., Stein, R., 1998. Neurobiology of cocaine-in-
duced organic brain impairment: contributions from functional neuroimaging.
Neuropsychol. Rev. 8, 1–9.

Tang, Y., Hojatkashani, C., Dinov, I.D., Sun, B., Fan, L., Lin, X., Qi, H., Hua, X., Liu, S.,
Toga, A.W., 2010. The construction of a Chinese MRI brain atlas: a morpho-
metric comparison study between Chinese and Caucasian cohorts. Neuroimage
51, 33–41.

Thanos, P.K., Michaelides, M., Benveniste, H., Wang, G.J., Volkow, N.D., 2008. The
effects of cocaine on regional brain glucose metabolism is attenuated in do-
pamine transporter knockout mice. Synapse 62, 319–324.

Tsibulsky, V.L., Norman, A.B., 1999. Satiety threshold: a quantitative model of
maintained cocaine self-administration. Brain Res. 839, 85–93.

Tsukada, H., Nishiyama, S., Kakiuchi, T., Ohba, H., Sato, K., Harada, N., Nakanishi, S.,
1999. Isoflurane anesthesia enhances the inhibitory effects of cocaine and
GBR12909 on dopamine transporter: PET studies in combination with micro-
dialysis in the monkey brain. Brain Res. 849, 85–96.

Verstraete, A.G., 2004. Detection times of drugs of abuse in blood, urine, and oral
fluid. Ther. Drug Monit. 26, 200–205.

Volkow, N.D., Fowler, J.S., Wang, G.J., 2003. Positron emission tomography and
single-photon emission computed tomography in substance abuse research.
Semin. Nucl. Med. 33, 114–128.

Volkow, N.D., Chang, L., Wang, G.J., Fowler, J.S., Franceschi, D., Sedler, M.J., Gatley, S.
J., Hitzemann, R., Ding, Y.S., Wong, C., Logan, J., 2001. Higher cortical and lower
subcortical metabolism in detoxified methamphetamine abusers. Am. J. Psy-
chiatry 158, 383–389.

Wakabayashi, K.T., Kiyatkin, E.A., 2015. Central and peripheral contributions to
dynamic changes in nucleus accumbens glucose induced by intravenous co-
caine. Front. Neurosci. 9, 42.

Zhao, F., Zhao, T., Zhou, L., Wu, Q., Hu, X., 2008. BOLD study of stimulation-induced
neural activity and resting-state connectivity in medetomidine-sedated rat.
Neuroimage 39, 248–260.

Zocchi, A., Conti, G., Orzi, F., 2001. Differential effects of cocaine on local cerebral
glucose utilization in the mouse and in the rat. Neurosci. Lett. 306, 177–180.

http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref42
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref42
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref42
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref43
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref43
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref43
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref43
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref44
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref44
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref44
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref44
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref45
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref45
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref45
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref45
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref45
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref46
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref46
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref46
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref46
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref47
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref47
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref47
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref47
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref48
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref48
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref48
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref48
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref48
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref49
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref49
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref49
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref49
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref50
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref50
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref50
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref50
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref51
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref51
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref51
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref51
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref51
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref52
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref52
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref52
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref52
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref53
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref53
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref53
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref53
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref54
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref54
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref54
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref54
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref55
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref55
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref55
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref55
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref55
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref56
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref56
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref56
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref56
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref57
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref57
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref57
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref57
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref57
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref58
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref58
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref58
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref58
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref59
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref59
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref59
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref60
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref60
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref60
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref60
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref60
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref61
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref61
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref61
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref62
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref62
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref62
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref62
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref63
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref63
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref63
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref63
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref63
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref64
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref64
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref64
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref65
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref65
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref65
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref65
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref66
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref66
http://refhub.elsevier.com/S0006-8993(16)30259-1/sbref66

	Cocaine and methamphetamine induce opposing changes in BOLD signal response in rats
	Introduction
	Results
	Time course analysis
	Voxel wise analysis

	Discussion
	Experimental procedure
	Subjects
	Surgery
	Neuroimaging
	Data processing and analysis
	Regions of interest
	Image processing


	Disclosure/conflict of interests
	Acknowledgment
	References




