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Abstract

Cocaine users exhibit a wide range of behavioral impairments accompanied by brain structural,

neurochemical and functional abnormalities. Metabolic mapping studies in cocaine users and

animal models have shown extensive functional alterations throughout the striatum, limbic system,

and cortex. Few studies, however, have evaluated the persistence of these effects following

cessation of cocaine availability. The purpose of this study, therefore, was to assess the functional

effects of re-exposure to cocaine in nonhuman primates after the discontinuation of cocaine self-

administration for 30 or 90 days, using the quantitative autoradiographic 2-[14C]deoxyglucose

(2DG) method. Rhesus monkeys self-administered cocaine (fixed interval 3-min schedule, 30

infusions per session, 0.3 mg/kg/infusion) for 100 sessions followed by 30 (n=4) or 90 days (n=3)

during which experimental sessions were not conducted. Food-reinforced control animals (n=5)

underwent identical schedules of reinforcement. Animals were then re-exposed to cocaine or food

for one final session and the 2DG method applied immediately after session completion.

Compared to controls, re-exposure to cocaine after 30 or 90 day drug-free periods resulted in

lower rates of glucose utilization in ventral and dorsal striatum, prefrontal and temporal cortex,

limbic system, thalamus, and midbrain. These data demonstrate that vulnerability to the effects of

cocaine persists for as long as 90 days after cessation of drug use. While there was some evidence

for recovery (fewer brain areas were affected by cocaine re-exposure at 90 days as compared to 30

days), this was not uniform across regions, thus suggesting that recovery occurs at different rates

in different brain systems.
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1. Introduction

Chronic cocaine users have significant motivational, emotional, cognitive and sensorimotor

impairments. Studies have shown deficits in cognitive performance (Hoff et al. 1996;

Rogers and Robbins, 2001) such as decision making (Stout et al. 2004; Bechara et al. 2000;

Bolla et al. 2003), complex reasoning (Cunha et al. 2010; Verdejo-Garcia and Perez-Garcia,

2007; Ersche et al. 2008), and attention, as well as abnormal sensitivity to and motivation

for both drug and nondrug rewards (Goldstein et al. 2007; Moeller et al. 2009; Coffey et al.

2003; Heil et al. 2006). Furthermore, cocaine users exhibit impaired cognitive control and

increased impulsivity (Goldstein and Volkow, 2002; Kjome et al. 2010; Lane et al. 2007), as

well as decreased sensorimotor performance (Hanlon et al. 2009, 2010), suggesting a broad

range of consequences from long-term cocaine exposure. These impairments are

accompanied by alterations in the regulation of transmitter systems (Volkow et al. 2006;

Martinez et al. 2004; Mash et al. 2002, 2005), reductions in functional activity in the

prefrontal cortex (Volkow et al. 1992), decreases in gray matter volume (Hanlon et al. 2011;

Matochik et al. 2003; Fein et al. 2002; Lim et al. 2008), and reductions in the integrity of

white matter (Franklin et al. 2002; Lim et al. 2002; Ma et al. 2009; Moeller et al. 2005)

among many other deficits when compared to healthy controls.

Studies, particularly those in animal models, have shown that many of these abnormalities

result from repeated exposure to cocaine, and are not merely the result of conditions that

pre-date drug use. These adaptations likely begin at the time of social experimentation and

advance as drug use becomes more compulsive and habitual, and are manifested

behaviorally in the form of failure of inhibitory control, preoccupation with drug, craving,

and repeated episodes of relapse. Numerous studies have documented many of these

neuroadaptations in animal models (Kalivas and O’Brien, 2008; Kreek and Koob, 1998;

Weiss et al. 2001; Wolf, 2010), again showing the breadth of changes across multiple

systems. Investigations have shown, for example, that early in the course of exposure to

cocaine, there are significant alterations in the concentrations of dopamine receptors and

transporters largely within the ventral portions of the striatum. But with increasing durations

of exposure these adaptations spread to encompass progressively greater territories within

the striatum (Letchworth et al. 2001; Nader et al. 2002; Porrino et al. 2004b). These changes

in the regulation of dopamine systems are paralleled by a change in the pattern of effects of

cocaine on functional brain activity, as reflected by cerebral metabolism measured with the

2-[14C]deoxyglucose (2DG) method. In the initial stages of exposure, cocaine self-

administration produces alterations in functional activation in circumscribed portions of the

ventral striatum and prefrontal cortex. As cocaine exposure continues, the effects of the drug

progress to eventually include the entire extent of the striatum, prefrontal cortex and

portions of the temporal lobe (Porrino et al. 2004a; Beveridge et al. 2006). These data

support the notion that addiction is a progressive disorder.
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One of the key questions in drug abuse research, however, is how the adaptations that

develop during chronic cocaine exposure are altered after the cessation of drug use.

Specifically, some investigations of affect, craving levels, and the cognitive abilities of

addicts have shown that there is some evidence for improvement after drug use has

terminated (Coffey et al. 2000; Weddington et al. 1990; Satel et al. 1991), although other

studies have provided support for continuing deficits (Herning et al. 1990; Berry et al.

1993). Studies in animal models are consistent with an absence of recovery (Shaham and

Hope, 2005; Freeman et al. 2008, 2010; Nestler, 2001; Nader et al. 2006), as well as the

development of new adaptations in, for example, the glutamate system (Baker et al. 2003;

Conrad et al. 2008). There are, however, also reports of the moderation or amelioration of

neurobiological adaptations that have accompanied cocaine exposure (Nader et al. 2006;

Beveridge et al. 2009; Freeman et al. 2010). Taken together, these data suggest a complex

interaction of numerous new and enduring adaptations in multiple brain systems

accompanying discontinuation of drug use. Because the stage that follows drug cessation is

considered a period of high vulnerability to relapse that may be triggered by any number of

factors, including drug re-experience, acute/chronic stress or exposure to drug-associated

cues, the identification of the neurobiological adaptations that occur during this time is an

important step in the development of effective treatment strategies to maintain and prolong

abstinence in cocaine users.

Many of the above investigations have focused on adaptations in specific transmitter or

signaling systems in isolated brain regions or small subset of regions, most frequently in the

striatum and/or prefrontal cortex. Few studies, however, have considered the influence of

these effects from a more systems-based level. The purpose of the present study, therefore,

was to determine the functional consequences of these neuroadaptations that occur following

the termination of drug availability in networks and circuits throughout the entire brain using

the 2DG method. If there is recovery, or the emergence of new adaptations, the

consequences of these changes in brain structure and function should be evident in an

altered response to cocaine self-administration itself as compared to previously established

patterns of functional activity that accompany self-administration of the drug. To this end,

animals with a 100-day history of cocaine self-administration were re-exposed to a single

session of cocaine self-administration after discontinuation of cocaine availability for 30 or

90 days, and compared to animals with identical histories of responding for food

reinforcement and re-exposure to food reward after 30 or 90 days cessation of operant

sessions. Metabolic activity was mapped with the 2DG method immediately following the

final session to evaluate the effects of re-exposure to food or cocaine throughout the brain.

2. Materials and Methods

2.1. Subjects

Twelve experimentally-naïve adult male rhesus monkeys (Macaca mulatta) weighing

between 9.0–13.0 kg (mean ± SD; 10.6 ± 1.2) at the start of the study served as subjects.

Monkeys were individually housed in stainless steel cages with water ad libitum; animals

had physical and visual contact with each other. Their body weights were maintained at

approximately 95% of free-feeding weights by banana-flavored pellets earned during the
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experimental sessions and by supplemental feeding of Lab Diet Monkey Chow, provided no

sooner than 30 minutes post-session. All efforts were made to minimize animal suffering

and to reduce the number of animals used. All procedures were performed in accordance

with established practices as described in the National Institutes of Health Guide for Care

and Use of Laboratory Animals. In addition, all procedures were reviewed and approved by

the Animal Care and Use Committee of Wake Forest University.

2.2. Behavioral Apparatus

Cocaine self-administration and food-reinforced responding occurred in ventilated and

sound-attenuated operant chambers (1.5 × 0.74 × 0.76m, Med Associates, East Fairfield,

VT) designed to accommodate a primate chair (Model R001, Primate Products, Redwood

City, CA). The chambers contained an intelligence panel (48 × 69 cm), which consisted of

two retractable levers (5 cm wide) and three stimulus lights. The levers were positioned

within easy reach of the monkey sitting in the primate chair. One-gram food pellets were

delivered from a feeder located on the top of the chamber. A peristaltic infusion pump

(7531-10, Cole-Parmer Co., Chicago, IL) was used to deliver drug injections at a rate of

approximately 1.5 ml/10 sec to those animals self-administering cocaine.

2.3. Surgical Procedures

All monkeys, including controls, were surgically prepared, under sterile conditions, with

indwelling intravenous femoral catheters and vascular access ports (Model GPV, Access

Technologies, Skokie, IL), as described in detail elsewhere (Nader et al., 2002). Monkeys

were given 24–48 hours to recover from surgery prior to returning to the experiment.

Approximately five days before the terminal procedure, each monkey was implanted with a

chronic indwelling catheter into the adjacent femoral artery for collection of timed arterial

blood samples during the 2DG procedure. The surgical procedure was identical to that

described for the venous catheter. This procedure took place on a day the animals did not

respond in operant sessions. They resumed food or cocaine self-administration the next day,

with no obvious differences in rates, pattern or intake.

2.4. Self-administration procedures

Monkeys were initially trained to respond on one of two levers by reinforcing each response

on the correct lever with a 1g banana-flavored pellet. Over a period of approximately three

weeks the interval between availability of food pellets was gradually increased until a three-

minute interval was achieved (i.e., fixed-interval 3-minute schedule; FI 3-min). Under the

final schedule conditions, the first response on the lever after three minutes resulted in the

delivery of a food pellet; sessions ended after 30 food presentations. In order to habituate

animals to the timing of the 2DG procedure, at the end of each session, the response levers

were retracted, houselights and stimulus lights were extinguished, and animals remained in

the darkened chamber for approximately 30 minutes before they were returned to their home

cages. All monkeys responded under the FI 3-min schedule of food presentation for at least

20 sessions and until stable performance was obtained (± 20% of the mean for three

consecutive sessions, with no trends in response rates). When food-maintained responding

was stable, the feeder was unplugged and the effects of extinction on responding were

examined for five consecutive sessions, after which responding was re-established and
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maintained by food presentation. After baseline performance had been re-established,

monkeys were randomly assigned to one of three groups; monkeys in the cocaine self-

administration groups were surgically prepared with venous catheters, as described above.

Food-maintained performance was allowed to stabilize after surgery (approximately 4–6

days) before cocaine self-administration sessions were initiated.

One group of monkeys served as controls (N=5) and continued to respond under the FI 3-

min schedule of food presentation for a total of 100 sessions followed by either 30 (N=3) or

90 (N=2) days during which monkeys remained in their home cage with no operant sessions

conducted. The remaining seven monkeys were assigned to two cocaine self-administration

groups. Prior to each experimental session, the back of the animal was cleaned with 95%

ethanol and betadine scrub and a 22-gauge Huber Point Needle (Model PG20-125) was

inserted into the vascular access port leading to the venous catheter, connecting an infusion

pump containing the cocaine solution to the catheter. Prior to the start of the session, the

pump was operated for approximately three seconds, filling the port with the dose of cocaine

that was available during the experimental session. At the end of each session, the port was

filled with heparinized saline (100 Units/ml) to help prevent clotting. Chronic exposure to

cocaine self-administration consisted of 100 sessions in which responding was maintained

by 0.3 mg/kg/injection cocaine (30 injections per session, for a total of 9.0 mg/kg/session),

which was then followed by cessation of operant sessions for 30 (N=4) or 90 (N=3) days.

Because 0.3 mg/kg cocaine per injection was considered a high dose for previously cocaine-

naïve monkeys, this dose was achieved within 2–4 sessions by first allowing the monkeys to

self-administer 0.1 mg/kg/injection cocaine.

In addition, in an effort to model drug seeking, probe sessions were conducted every 2

weeks over the course of the experiment. A probe session consisted of a 1, 2 or 3 day period

during which operant sessions were suspended, followed by a 2-hr experimental session in

which the discriminative stimulus was illuminated but responding was not reinforced over

the 2 hr session. Each probe session duration (1, 2, or 3 days) was evaluated twice

throughout the course of the experiment, with the order of testing occurring in a semi-

random fashion.

Following the cessation of operant sessions, animals remained in their home cages for 30 or

90 days. No self-administration sessions were conducted during this time, however three

times per week, all monkeys were placed in their restraint chairs, catheters were flushed

with heparinized saline (100 Units/ml) and then animals were returned to their home cages.

A final cocaine self-administration or food-reinforcement session took place 30 or 90 days

after the last self-administration session. On that day, a terminal 2DG experiment was

conducted. The monkey was placed in the operant chamber and levers were presented,

together with cue lights, signaling the availability of cocaine or food reinforcement; the

session ended when the animal received the full number of reinforcers available (30).

Immediately after the last infusion or food reinforcement, the 2DG procedure was

conducted.
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2.5. Measurement of local cerebral glucose utilization

A venous and an arterial catheter exited through an opening in the rear of the chamber

allowing all infusions and sampling to be accomplished remotely with minimal disruption to

the animal. The 2DG procedure was initiated at the end of the final session, two minutes into

the timeout, by the infusion of an intravenous pulse of 2.76 MBq/kg 2-deoxy-D-

[14C]glucose (DuPont NEN, Boston, MA; specific activity 1850–2035 MBq/mmol)

followed by a flush of heparinized saline. For the purposes of the 2DG procedure, this time

out was extended to 45 minutes to allow for tracer incorporation and clearance. Timed

arterial blood samples (0.25, 0.5, 0.75, 1, 2, 5, 7.5, 10, 15, 25, 35 and 45 min) were drawn

thereafter at a schedule sufficient to define the time course of the arterial 2DG and glucose

concentrations. Arterial blood samples were centrifuged immediately. Plasma 14C

concentrations were determined by liquid scintillation spectrophotometry (Beckman

Instruments, Fullerton, CA), and plasma glucose concentrations were assessed using a

glucose analyzer (Beckman Instruments, Fullerton CA). Approximately 45 minutes after

tracer injection, the animals were euthanized by an intravenous dose of sodium pentobarbital

(100 mg/kg). Brains were removed rapidly, blocked in three parts, frozen in isopentane (−45

°C), and stored at −80 °C until they were processed for autoradiograph y. Coronal sections

(20 μm) were cut in a cryostat maintained at −22 °C. Four of every 20 sections were thaw -

mounted on glass coverslips, dried on a hot plate at 60 °C, and apposed to Kodak MR-1 film

(Rochester, NY) for 15–30 days, along with a set of [14C]methylmethacrylate standards

(Amersham, Arlington Heights, IL) previously calibrated for their equivalent [14C]

concentration in 20 μm brain sections. Autoradiograms were developed in Kodak GBX

developer, indicator stop bath, and rapid fix at 68 °C.

Quantitative densitometry of autoradiograms was accomplished with a computer-assisted

image-processing system (MCID, Interfocus Imaging Ltd. Linton, UK). Optical density

measurements for each structure were made in a minimum of eight brain sections.

Measurements were made bilaterally and averaged across hemispheres. Tissue [14C]

concentrations were determined from the optical densities and a calibration curve obtained

by densitometric analysis of the autoradiograms of the calibrated standards. Glucose

utilization was then calculated using the operational equation of the method (Sokoloff et al.

1977), local-tissue [14C] concentrations, the time course of the plasma 2-[14C]deoxyglucose

and glucose concentrations, and the appropriate kinetic constants (Kennedy et al. 1978).

Because of differences in the baseline levels of glycemia in some animals, the lumped

constant was adjusted appropriate to the glucose levels according to procedures based on

previous work (Kennedy et al. 1978; Schuier et al. 1990; Suda et al. 1990; Porrino et al.

2004b). Identification of structures was made using adjacent thionin-stained sections.

Nomenclature was determined using the atlas of Paxinos et al. (2000) and reports by Amaral

et al. (1992), Carmichael and Price (1996) and Ongur et al. (1998). The striatum was divided

into three distinct anterior-posterior levels (Porrino et al., 2002, 2004b). The anterior level

was defined as the rostral portion of the striatum where the caudate nucleus, putamen and

nucleus accumbens were present, but anterior to where the core and shell divisions of the

nucleus accumbens could be identified (Bregma 4.05 to 3.15 mm; Paxinos et al. 2000). The

middle level was defined as the striatal level at which the nucleus accumbens could most

clearly be differentiated into core and shell divisions (Bregma 0.45 to – 0.45 mm; Paxinos et
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al. 2000). The posterior level was defined as that region of the striatum posterior to the

crossing of the anterior commissure where the nucleus accumbens is not present (Bregma

−4.50 to −9.90 mm; Paxinos et al. 2000).

2.6. Statistical analysis

Operant Behavior: The primary dependent variables were response rates (total session

responses/total session time), session time to earn 30 reinforcers, and quarter-life (QL)

values which represent the pattern of responding under FI schedules of reinforcement (see

Nader et al., 2002). Baseline data between groups was compared using separate Student’s

unpaired t-tests. For the re-exposure study, a computer problem precluded the collection of

data (but not the conditions of the experiment) for two food-controls and one 90-day cocaine

self-administration monkey, weakening statistical comparisons of group performance. The

primary dependent variable for probe sessions was total responses during the 2-hr session.

Data were analyzed using a two-way repeated measures ANOVA with Group (cocaine vs.

food) and Days of abstinence (1, 2, 3) as the factors.

Rates of local cerebral glucose utilization: Standard statistics software (SPSS for Windows,

Chicago, IL) was used for statistical analysis. Rates of glucose utilization were measured in

61 discrete brain regions (adjusted for glycemia levels as described above). Global rates of

cerebral metabolism (mol/100g/min) for each animal were estimated as the mean (weighted

by region size) of all measured brain regions. Global rates were analyzed by means of a one-

way analysis of variance. Values of rates of local cerebral glucose utilization obtained for

individual brain structures were analyzed in four functional groups (basal ganglia, cortex,

thalamus, and limbic areas) by means of a two-way analysis of variance (treatment group X

brain region, with brain region considered a repeated measure). This was followed by

planned Bonferroni’s post-hoc test for multiple comparisons. Because data obtained from

food-reinforced animals 30 and 90 days after their last operant sessions were not

significantly different from one another, data from the control groups were combined.

Pearson product-moment correlations were used to correlate rates of glucose utilization with

the behavioral measures, rates of responding during the final session and final session

length, as corrected for multiple tests. Correlations were conducted in food controls and

combined cocaine groups.

3. Results

3.1. Self-administration behavior

Under baseline conditions (sessions 97–100) and prior to cessation of operant responding,

food-maintained responding by control monkeys was significantly different from cocaine-

maintained responding with significantly higher response rates (p< 0.001), shorter session

time (p <0.005) and higher QL values (p < 0.0001; Table 1). Although not statistically

significant because of the small sample sizes, on the day of the 2DG procedure, differences

were apparent in operant performance of animals in which food or cocaine self-

administration had been discontinued for 30 or 90 days prior to the final session (Table 1).

Response rates were reduced by 60% of baseline in food-reinforced monkeys and by 17% of

baseline in monkeys re-exposed to cocaine self-administration conditions. Consistent with
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the disruption in food-maintained responding, patterns of responding under the FI schedule

as assessed with QL values showed reductions (i.e., less appropriate FI responding) going

from QL values of 0.69 to 0.46 in food-maintained animals, but were enhanced in monkeys

self-administering cocaine (Table 1).

Probe sessions, in which responding was not reinforced during 2-hr sessions, were

conducted weekly after 1–3 days of abstinence. There was no significant effect of days of

abstinence, but there were group differences in total responses [F(1. 9) = 5.75, p < 0.05],

with responding by the food group being higher than the cocaine group (data not shown).

However, when analyzed as a percentage of daily responses, the cocaine self-administration

group had significantly larger increases in responding compared to food controls (p <

0.0001). Post-hoc analyses revealed significant group differences after 1 and 3 days

abstinence (73% and 96% of baseline responding vs. 533% and 645% of baseline, for food

and cocaine self-administration groups respectively)

3.2. Effects of re-exposure to cocaine self-administration on local rates of cerebral glucose
utilization

Plasma glucose levels measured just prior to the initiation of the 2DG procedure did not

differ significantly between or within groups: food controls, 0.88 ± 0.07 mg/ml (mean ±

SEM); re-exposure 30 days after cessation of cocaine self-administration, 0.88 ± 0.13

mg/ml; re-exposure 90 days after cessation of cocaine self-administration, 0.83 ± 0.14

mg/ml. Rates of local cerebral glucose metabolism were measured in 61 brain regions and

the data are shown in Tables 2–4. Global rates of cerebral metabolism were significantly

lower (F(2,9) = 15.50, p < 0.001) in animals re-exposed to cocaine 30 (mean ± S.E.M.; 36.7

± 1.5 μmol/100 g/min) and 90 days (36.9 ± 1.2 μmol/100 g/min) after cessation of drug

availability, as compared to those of food controls (47.9 ± 1.6 μmol/100 g/min). There were

no differences in global rates of cerebral metabolism between the two cocaine self-

administration groups. Data from specific brain regions are described in detail below.

Basal ganglia—Rates of cerebral glucose utilization for regions of the basal ganglia are

shown in Table 2. Statistical analysis revealed a main effect of group (F(2,9) = 15.64, p <

0.001) and of brain region (F(14,9) = 40.366, p < 0.001), as well as a significant interaction

of group with brain region (F (14,9) = 1.728, p < 0.02). Further analysis using pre-planned

multiple comparisons (Bonferroni t-statistics) in specific basal ganglia regions showed that

within the striatum, re-exposure to cocaine self-administration 30 days after cessation of

cocaine self-administration decreased glucose utilization throughout all segments: caudate

nucleus, putamen, and ventral striatum (Table 2). These differences were observed

throughout all three distinct anterior-posterior levels of the striatum. Compared to food

controls, significantly lower rates of glucose utilization were present in the pre-commissural

caudate and putamen in response to re-exposure to cocaine 30 days after cessation of drug

availability at both the anterior (caudate nucleus, −24%; putamen, −27%) and middle level

of the striatum (caudate −25%; putamen, −27%; Figures 1 and 2). In addition significant

decreases were observed in all portions of the ventral striatum including the rostral

accumbens (−21%), nucleus accumbens core (−26%) and nucleus accumbens shell, (−27%;

Figures 1 and 2). Within the posterior (post-commissural) striatum, rates of glucose
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metabolism were also significantly lower in response to cocaine re-exposure in both the

caudate nucleus (−31%) and putamen (−32%), compared to food controls (Table 2). Finally,

significantly lower rates of metabolism were present in the ventral tegmental area (−50%),

substantia nigra pars compacta (−38 %), and pars reticulata (−12%).

Re-exposure to cocaine self-administration 90 days after cessation of drug availability

produced a very similar pattern of alterations in cerebral metabolism, with lower rates, as

compared to food controls, in the anterior (caudate, −24% and putamen, −27%) and middle

(caudate, −22% and putamen, −27%; Figures 1 and 2) striatum, as well as the posterior

(post-commissural) striatum (caudate −24% and putamen, −26%). Similar decreases to those

observed after 30 days of discontinuation were also observed in the ventral striatum (nucleus

accumbens core, −22%; nucleus accumbens shell, −22%; Figures 1 and 2). However, there

were no significant differences in rates of glucose utilization in any ventral midbrain

structures after re-exposure to cocaine self-administration 90 days after cessation of cocaine

availability as compared to controls.

Although there were no statistically significant differences between rates of glucose

utilization in groups re-exposed to cocaine 30 or 90 days after cessation of drug availability

in striatal and basal ganglia regions, the number of brain regions in which significant

differences were observed was much smaller 90 days after cessation than 30 days (Table 5).

Frontal and temporal cortex—Rates of glucose utilization for cortical areas are shown

in Table 3. Statistical analysis revealed a significant main effect of group (F(2,9) = 9.774, p <

0.01) and of brain region (F(10,9) = 15.986, p < 0.0001). Further analysis using pre-planned

multiple comparisons within divisions of frontal and temporal cortex showed that re-

exposure to cocaine self-administration 30 days after cessation of drug availability resulted

in lower rates of glucose utilization, as compared to rates in food controls, throughout large

portions of the cortex analyzed in the current study (Table 3; Figure 1). Within the prefrontal

cortex these regions included Areas 10 (−21%), 12 (−15%), 13 (−18%), 14 (−19%), 25

(−18%), and 32 (−18%) along the medial and ventral aspects, as well as areas 45 (−15%)

and 46 (−13%) within the lateral prefrontal cortex. Within the temporal lobe, significant

reductions included the medial and lateral aspects of the temporal pole (−25%), the dorsal

(−29%) and ventral (−22%) insula, superior temporal gyrus (−25%) and area TE (−19%).

Finally, rates of glucose metabolism were lower, as compared to rates in food controls, in

portions of the motor (−19%) and premotor (−20%) cortex.

Re-exposure to cocaine 90 days after cessation of drug availability also resulted in similar

widespread decreases in glucose utilization throughout prefrontal, frontal and temporal

cortical areas (Table 3; Figure 1). These areas included medial (areas 10, −17%; 14, −21%;

24, −20%; 25, −24%), orbital (area 13, −24%) and motor regions (areas 6, −19%; 4, −19%).

Within the temporal lobe significant decreases were present in the temporal pole (−25%),

dorsal (−37%) and ventral (−31%) anterior insula, superior temporal gyrus (−34%) and area

TE (−23%). There were no significant differences between groups re-exposed to cocaine 30

or 90 days after cessation of cocaine availability.
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Thalamus—Rates of glucose utilization for nuclei within the thalamus are shown in Table

3. Statistical analysis revealed a significant main effect of group (F(2,9) = 8.755, p < 0.01)

and of brain region (F(10,9) = 15.443, p < 0.001). Further analysis using pre-planned multiple

comparisons in specific nuclei showed that re-exposure to cocaine 30 days after cessation of

cocaine self-administration resulted in decreased rates of glucose utilization, as compared to

rates in food controls, throughout most nuclei of the thalamus that were analyzed in the

current study (Table 3). Significantly lower rates were observed in anterior, (−19%);

mediodorsal, (−21%); ventral anterior, (−23%); centromedian, (−27%); parafascicular,

(−27%); and ventrolateral, (−17%) nuclei. In addition, rates of glucose utilization were

significantly lower in the lateral habenula (−53%).

Re-exposure to cocaine 90 days after discontinuation of operant sessions also resulted in

lower thalamic rates of glucose utilization as compared to rates in food controls in a very

similar pattern to that following the 30 day time period. Significant decreases were observed

in anterior (−39%), mediodorsal (−22%), ventral anterior (−35%), centromedian (−23%),

and ventrolateral (−33%) nuclei, as well as the lateral habenula (−49%). In general, the

magnitude of these reductions in glucose utilization were as great, if not greater, than those

following re-exposure 30 days after cessation of self-administration, although differences

between rates at the 30 and 90 day time points did not reach statistical significance.

Limbic system—Rates of glucose utilization for limbic-related brain regions including the

amygdala, hypothalamus, and hippocampus are shown in Table 4. Statistical analysis

revealed a significant main effect of group (F(2,9) = 17.893, p < 0.002) and of brain region

(F(18,9) = 35.218, p < 0.0001). Further analysis using pre-planned multiple comparisons in

specific nuclei showed that re-exposure to cocaine self-administration 30 days after the

cessation of drug availability resulted in widespread decreases in rates of glucose utilization,

as compared to rates in food controls. Within the amygdala (Figure 1) significant decreases,

as compared to food controls, were observed in lateral (−29%), central (−33%), medial

(−37%), basolateral (parvicellular, −35%; magnocellular, −27%) and accessory basal

(−35%) nuclei (Table 4). Within those regions of the hypothalamus in which measurements

were made, significant decreases were noted in the preoptic area (−32%), as well as lateral

(−34%), dorsomedial (−31%), ventromedial (−34%), paraventricular (−28%) and posterior

(−39%) regions. Finally, reduced rates of glucose utilization were seen in the CA1 (−27%;

Figure 2) and CA3 fields (−26%), dentate gyrus (−27%) and subiculum (−26%) of the

hippocampus, the lateral septum (−29%) and extended amygdala (−26%).

Re-exposure to cocaine 90 days after cessation of self-administration sessions also decreased

rates of glucose utilization, as compared to rates in food controls, but in the majority of

limbic brain regions the decreases were of much smaller magnitude. Significant reductions

were restricted to the accessory basal (−24%) and both parvicellular (−26%) and

magnocellular (−17%) basolateral nuclei of the amygdala (−26%), lateral septum (−23%)

and the preoptic region of the hypothalamus (−24%). Although there were no statistically

significant differences between rates of glucose utilization in groups re-exposed to cocaine

30 or 90 days after cessation of drug availability, the number of brain regions in which

significant differences were observed was much smaller 90 days after cessation than 30 days

(Table 5).
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Correlations—Neither rate of responding or session length was significantly related to any

measures of glucose utilization in the food control group. Rates of responding were also not

related to any measures of glucose utilization in the cocaine self-administration group.

However, rates of glucose utilization in the anterior caudate (+. 65) and the rostral (+.87)

and shell (+.82) of the nucleus accumbens were positively correlated with session length. In

addition, session length was negatively correlated with rates of glucose utilization in Area

13 of the prefrontal cortex (−.67). Correlations were significant at the p< 0.05 level

corrected for multiple correlations.

4. Discussion

The findings of the present study in a nonhuman primate model of cocaine self-

administration demonstrate that re-exposure to cocaine up to 3 months after cessation of

cocaine availability continued to produce significant and substantial changes in brain

functional activity, as reflected by local rates of glucose utilization measured with the 2DG

method. In the majority of brain regions including prefrontal cortex, temporal cortex,

striatum, thalamus and hippocampus, the functional response to cocaine was similar

regardless of the duration (30 or 90 days) of the absence of drug availability. The intensity

and pattern of these alterations in glucose utilization in response to cocaine re-exposure were

very similar to those measured during chronic exposure without any interposed periods of

drug unavailability (Porrino et al. 2004b; Beveridge et al. 2006). In fact, there was some

suggestion of even greater responses to cocaine in areas such as the temporal cortex and

thalamus, although none reached statistical significance. In contrast, there was evidence for

amelioration of the effects of cocaine in the ventral striatum, limbic regions, and ventral

midbrain where the degree of change appeared less intense or more restricted anatomically

following longer periods after the cessation of self-administration. These data suggest that

recovery from the effects of chronic cocaine use is not uniform across the brain and that the

rate of recovery may be very different across systems with effects in some areas persisting

well-beyond those in other systems. This may be particularly important when considering

either pharmacological or behavioral interventions for cocaine dependence where different

strategies at different durations of abstinence may improve outcomes.

The 2DG method measures functional activity as reflected by rates of glucose utilization

which reflect the maintenance of cellular gradients, along with other energy-requiring

processes such as neurotransmitter synthesis and processing, maintenance of ionic gradients,

intracellular signaling cascades, and protein synthesis and trafficking. In the current study,

this includes the sum total of both the immediate or acute effects of cocaine in combination

with the accumulated consequences of previous drug experience and subsequent drug

cessation. These effects cannot be attributed simply to the acute effects of cocaine since the

significant effects of cocaine in the initial stage of self-administration (Porrino et al., 2002),

as illustrated in Table 5 are of smaller magnitude and more restricted topographically than

those in the current study. Thus, the profound functional response of the brain to cocaine up

to 90 days after drug discontinuation underscores the persistence of the underlying

neuroadaptations that result from chronic cocaine experience.
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Neurobiological adaptations that may underlie the continued responsiveness to cocaine

following discontinuation of use have been identified in rodent models of cocaine self-

administration and relapse (for reviews see Loweth et al., 2014; Pickens et al., 2011; Wolf et

al., 2010). These include alterations in BDNF levels in the ventral tegmental area, nucleus

accumbens and amygdala (Ghitza et al. 2010; Grimm et al. 2003; Li and Wolf, 2011),

enhanced ERK signaling in the central amygdala (Lu et al. 2005) and ventral prefrontal

cortex (Koya et al. 2009), increases in cell surface AMPA receptors in the nucleus

accumbens (Boudreau and Wolf, 2005; Conrad et al. 2008; McCutcheon et al. 2011), and

decreases in glutamate concentrations induced by dysregulation of cystine-glutamate

exchange (Baker et al. 2002, 2003), among many others. Similar adaptations on the

molecular and cellular level may underlie the persistent metabolic alterations in response to

cocaine seen on the systems level in the present study.

Though less is known about the nature of cocaine-induced neuroadaptations in nonhuman

primates, significant alterations in the dopamine system have been reported (Beveridge et al.

2009; Bradberry, 2000; Farfel et al. 1992; Henry et al. 2009; Nader et al. 2002), and more

recently changes in the glutamate system have been substantiated (Beveridge et al. 2011).

Although these studies have only begun to explore the changes in primate species, they

parallel the findings reported from rodent studies. While the majority of these studies have

focused on the striatum and prefrontal cortex, the present study demonstrates that other

systems are also affected – brain regions that have received less attention. Further work is

needed to explore the structural and functional neuroadaptations that accompany the

discontinuation of chronic drug use.

During cocaine self-administration, sessions ended only after monkeys received 30

injections of 0.3 mg/kg/injection cocaine, so session length was a dependent variable. For

control monkeys, session length was approximately 90 min, while monkeys self-

administering cocaine required 3 times as long to receive 30 reinforcers (Table 1). There are

several hypotheses to account for this long session length – the monkeys may be titrating

their cocaine dose or the increased session length is a result of the rate-decreasing effects of

cocaine or both. It is important to note that tolerance did not develop to these effects over

the 100 sessions of cocaine self-administration. After operant sessions were discontinued for

30 or 90 days, all animals were once again given access to 30 cocaine infusions. Session

length did not significantly differ between the final three sessions before cessation and the

re-exposure session. This suggests that compensatory adaptations, including sensitization to

the behavioral effects of cocaine, did not develop in the absence of continued drug exposure.

Interestingly, the pattern of responding under the FI schedule did appear sensitive to the re-

exposure conditions, although QL values were still representative of schedule-controlled

responding. Unfortunately, the experimental design did not allow for the assessment of

whether tolerance developed to this effect (and the QL value increased over time).

Session length during the re-exposure session was significantly correlated with rates of

glucose utilization in the nucleus accumbens and anterior caudate; the shorter the session

length, the lower the rates of glucose utilization. The more rapid intake of cocaine is likely

to lead to higher blood levels which in turn result in greater reductions in rates of glucose

utilization. This would suggest that the effects on glucose utilization in the ventral and
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medial striatum are due to the direct pharmacological actions of cocaine. In contrast, session

length was negatively correlated with rates of metabolism in the medial prefrontal cortex;

the longer the session length, the lower the rates of metabolism. When high doses of cocaine

are available, one could hypothesize that shorter session lengths represent less disruptive

effects of cocaine and an “addictive phenotype”. Whether the relationship between behavior

and cortical function (positive in the nucleus accumbens and negative in the PFC) represents

a biomarker for vulnerability will require additional research.

Within the limbic system, alterations in functional activity in response to re-exposure to

cocaine after drug cessation appeared shorter-lived than in cortex, dorsal striatum and

thalamus. However, cocaine produced somewhat more widespread reductions in glucose

utilization in the amygdala, hippocampus and hypothalamus 30 days after self-

administration was discontinued when compared to rates measured without any interruption

in cocaine availability or 90 days after cessation (Figure 1). These data suggest that these

limbic-related areas may become particularly sensitive to the effects of cocaine early in the

course of discontinuation of use, which coincides with a time when the rates of relapse in

human addicts are especially high (Gawin, 1991; McKay et al. 1999; Sinha, 2001). This

exaggerated responsiveness to the re-exposure to cocaine may indicate the neurobiological

impact of the dynamic changes that occur within these regions during this time frame.

Further, our data suggest that this sensitivity may diminish with longer periods of

discontinuation of use, in that there was a trend towards an amelioration of the functional

effects of cocaine within the limbic system when measured after a longer period of 90 days.

The dynamic nature of the functional response to cocaine after cessation of chronic cocaine

use is also consistent with alterations in the dopamine system following cessation of drug

exposure in a similar model of cocaine exposure in nonhuman primates. In these studies,

concentrations of dopamine transporters and dopamine D1 receptors were shown to be

elevated above those seen during ongoing drug exposure, but approached baseline control

levels over a similar timeframe of unavailability of cocaine (Beveridge et al. 2009). It is

possible that these fluctuations in dopamine regulation may contribute, in part, to the

increased responsiveness to cocaine during this early phase of discontinuation of drug use.

The current data, however, are in contrast to a recent study examining the effects of

cessation of cocaine self-administration on rates of glucose utilization measured with in vivo

positron emission tomography (PET) procedures (Henry et al. 2010). In that study, the non-

contingent administration of cocaine to monkeys four weeks after their last self-

administration session produced only very limited brain activation in the anterior cingulate,

in contrast to the very broad pattern of activation observed prior to cessation of operant

sessions. The inconsistencies in the outcomes between this and the current study can be

attributed to a number of key differences in procedures including the use of PET vs.

autoradiography (with its higher resolution), differences in drug histories, route of

administration, and amount of drug administered in the final session. But perhaps most

important was the environment in which the mapping occurred. Monkeys in the PET study

received a single intramuscular injection of cocaine in their home cages prior to imaging,

whereas in the current study tracer uptake occurred in the chambers in which animals had a

long history of self-administration and followed completion of the experimental session. The

presence of drug-associated cues and the contextual environment may have resulted in the
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more widespread effects of cocaine and the similarity of this pattern of functional effects to

that seen prior to drug cessation.

In summary, the present data utilizing a nonhuman primate model of cocaine self-

administration demonstrate that re-exposure to cocaine 30 or 90 days after the cessation of

drug access continues to produce significant alterations in brain functional activity. In many

regions, including dorsal striatum, prefrontal and temporal cortex, as well as the thalamus,

these effects were largely unchanged by the duration of time since prior access to cocaine,

suggesting the persistence of neuroadaptations resulting from chronic cocaine use. In

contrast, in limbic regions as well as the ventral striatum, the magnitude and/or anatomical

extent of cocaine’s effects were lessened with longer periods of time since cessation of drug

use. Recovery, then, is likely to progress more rapidly in some systems than others. The

relative stability of the functional response to cocaine, particularly in cortical areas, suggests

that some of the neuroadaptations that are produced by chronic drug exposure endure well

after the cessation of drug use. However, it is apparent that recovery can occur, but this is

likely to be a highly dynamic process that emerges over multiple time courses involving

numerous systems.
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Highlights

• Re-exposure to cocaine after self-administration cessation was studied in NHPs.

• Cocaine continued to produce significant changes in functional brain activity.

• There was some evidence of recovery 90 days after cessation of drug exposure

• The time course was different in limbic as compared to cortico-striatal systems.

Beveridge et al. Page 19

Neuropharmacology. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
Effect of re-exposure to cocaine self-administration 30 or 90 days after cessation of drug

availability, compared to food-reinforced controls. The left hemisphere in Panels A–D

displays the distribution of [14C]-deoxyglucose, while the right hemisphere indicates the

anatomical localization of brain areas shown in the histograms below (Panels E–G). Rates of

local cerebral glucose utilization (LCGU, μmol/100g/min) in response to food or cocaine

self-administration are shown in Panels E–G. Asterisks represent significant differences

from food controls, * P<0.05, ** P<0.01
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Figure 2.
Effect of re-exposure to cocaine self-administration 30 or 90 days after cessation of drug

availability on rates of local cerebral glucose utilization in nonhuman primates, as compared

to rates of local cerebral glucose utilization of food-reinforced control animals. The

2[14C]DG method was applied immediately after the end of the behavioral session. Shown

are color-coded transformations of autoradiograms of coronal sections of nonhuman primate

brain at the level of the striatum. Each color represents a range of rates of local cerebral

glucose utilization (μmol/100 g per min) according to the calibration scale to the right of the

autoradiograms.
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Table 1

Mean fixed-interval 3-min responding at baseline and following re-exposure to food or cocaine after

discontinuation of operant sessions

Group Tot Resps Session Time (min) Resp Rate (resp/min) QL

Food SA + 30 or 90 Days Discontinuation

Day 100 of SA1 1547.40 ± 416.3 92.81 ± 1.96 16.32 ± 4.45 0.69 ± 0.04

Re-exposure2 650.00 ± 633.3 90.86 ± 26.35 6.45 ± 6.30 0.46 ± 0.12

Cocaine SA + 30 or 90 Days Discontinuation

Day 100 of SA3 176.57 ± 64.27 275.05 ± 37.56 0.95 ± 0.55 0.45 ± 0.02

Re-exposure4 168.33 ± 68.06 243.75 ± 33.40 0.79 ± 0.37 0.59 ± 0.09

†
Data are expressed as means ± S.E.M.

1
N=5;

2
N=3;

3
N=7;

4
N=6
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Table 2

Effects of cocaine re-exposure on rates of local cerebral glucose utilization in striatum and basal ganglia 30 or

90 days after cessation of self-administration†

Brain Region Food SA + 30 or 90
Day Cessation (N=5)

Cocaine SA + 30 Day Cessation
(N=4)

Cocaine SA + 90 Day Cessation
(N=3)

Anterior Striatum

 Caudate 58 ± 1.9 44 ± 2.5 ** 44 ± 3.3 **

 Putamen 62 ± 2.3 45± 1.8 ** 45 ± 1.5 **

 Nucleus accumbens 43 ± 0.8 34 ± 2.4* 38 ± 2.1

Middle Striatum

 Caudate 59 ± 3.0 44 ± 2.7 ** 46 ± 1.7 **

 Putamen 63 ± 2.8 46 ± 2.0 ** 46 ± 2.3 **

 Nucleus accumbens core 46 ± 0.2 34 ± 0.7 ** 36 ± 0.8 *

 Nucleus accumbens shell 41 ± 0.4 30 ± 0.7 ** 32 ± 1.2 **

Posterior Striatum

 Caudate 62 ± 2.1 43 ± 1.7 ** 47 ± 3.0 **

 Putamen 68 ± 2.4 46 ± 1.7 ** 50 ± 1.3 *

Basal ganglia

 Ventral tegmental area 32 ± 7.4 16 ± 0.8 ** 21 ± 2.7

 Globus pallidus 32 ± 2.5 37 ± 2.3 23 ± 6.2

 Subthalamus 72 ± 5.3 64 ± 9.8 62 ± 5.9

 Substantia nigra pars compacta 52 ± 9.2 32 ± 4.0 * 38 ± 2.7

 Substantia nigra pars reticulata 41 ± 2.7 36 ± 2.9 * 38 ± 2.1

 Rostromedial tegmental nucleus 18 ± 1.7 15 ± 1.4 15 ± 1.1

†
Data represent rates of local cerebral glucose utilization (μmol/100g/min) expressed as means ± S.E.M.

*
P < 0.05,

**
P < 0.01 different from food control, two-way ANOVA followed by Bonferroni t-tests comparing self-administration groups to food controls.
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Table 3

Effects of cocaine re-exposure on rates of local cerebral glucose utilization in cortico-thalamic areas 30 or 90

days after cessation of self-administration†

Brain Region Food SA + 30 or 90 Day
Cessation (N=5) Cocaine SA + 30 Day Cessation (N=4) Cocaine SA + 90 Day Cessation (N=3)

Prefrontal Cortex

 Area 10 53 ± 1.4 42 ± 1.8 * 44 ± 2.6 *

 Area 14 47 ± 2.4 38 ± 2.2 * 37 ± 0.6 *

 Area 32 49 ± 2.4 40 ± 1.9 * 39 ± 2.1 *

 Area 24 54 ± 1.9 47 ± 2.5 43 ± 1.3 **

 Area 25 45 ± 1.2 37 ± 3.0 * 34 ± 1.7 *

 Area 12 59 ± 2.3 50 ± 3.0 * 50 ± 3.7 *

 Area 13 62 ± 2.7 51 ± 3.1 * 47 ± 2.7 **

 Area 9 54 ± 3.5 48 ± 2.4 49 ± 2.1

 Area 45 59 ± 3.0 50 ± 4.5 * 50 ± 4.8 *

 Area 46 67 ± 3.4 58 ± 3.7 * 52 ± 4.9 **

Motor Cortex

 Area 6 59 ± 2.1 47 ± 2.3 * 48 ± 1.0*

 Area 4 58 ± 1.5 47 ± 2.7 ** 47 ± 1.3 **

 Area 8 65 ± 3.1 55 ± 2.9 47 ± 1.6

Temporal Cortex

 Temporal pole 44 ± 1.0 33 ± 2.2 * 33 ± 3.2 *

 Dorsal anterior insula 62 ± 2.4 44 ± 2.9 ** 39 ± 2.5 **

 Ventral anterior insula 54 ± 3.1 42 ± 2.9 ** 37 ± 1.5 **

 Superior temporal gyrus 64 ± 3.9 48 ± 3.3 ** 42 ± 2.8 **

 Area TE 52 ± 3.6 42 ± 1.0 * 40 ± 2.1 *

Thalamus

 Anterior 67 ± 2.9 54 ± 8.8 * 41 ± 2.6 *

 Mediodorsal 57 ± 1.3 45 ± 4.5 * 45 ± 4.3 *

 Ventral anterior 56 ± 4.6 43 ± 3.1 * 37 ± 3.2 **

 Centromedian 55 ± 3.8 40 ± 3.0 * 42 ± 1.0 *

 Parafascicular 50 ± 5.9 37 ± 2.3 * 39 ± 2.0

 Ventrolateral 52 ± 1.6 43 ± 5.1 * 35 ± 7.1 **

 Medial habenula 36 ± 2.2 27 ± 4.0 29 ± 4.0

 Lateral habenula 49 ± 3.6 23 ± 2.8** 25 ± 1.0**

†
Data represent rates of local cerebral glucose utilization (μmol/100g/min) expressed as means ± S.E.M.

*
P < 0.05,
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**
P < 0.01 different from food control, two-way ANOVA followed by Bonferroni t-tests comparing self-administration groups to food controls.
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Table 4

Effects of cocaine re-exposure on rates of local cerebral glucose utilization in limbic and related subcortical

areas 30 or 90 days after cessation of self-administration†

Brain Region Food SA + 30 or 90 Day
Cessation (N=5) Cocaine SA + 30 Day Cessation (N=4) Cocaine SA + 90 Day Cessation

(N=3)

Amygdala

 Lateral 38 ± 2.9 27 ± 1.4 ** 30 ± 2.3

 Central 24 ± 2.2 16 ± 0.7 * 20 ± 1.5

 Medial 30 ± 1.2 19 ± 1.0 ** 24 ± 2.0

 Basolateral (parvicellular) 34 ± 2.0 22 ± 1.6 ** 25 ± 1.1 *

 Basolateral (magnocellular) 45 ± 2.6 33 ± 1.8 ** 37 ± 2.8 *

 Accessory basal 34 ± 1.8 22 ± 1.5 ** 26 ± 1.2 *

Hypothalamus

 Preoptic area 34 ± 1.2 23 ± 1.0 ** 26 ± 1.5 *

 Lateral 32 ± 2.5 21 ± 1.6 ** 26 ± 1.1

 Dorsomedial 35 ± 2.3 24 ± 2.0 ** 29 ± 2.0

 Ventromedial 32 ± 2.2 21 ± 1.3 ** 25 ± 1.5

 Paraventricular 32 ± 2.2 23 ± 2.1 ** 25 ± 1.5

 Posterior 38 ± 1.5 23 ± 2.5 ** 30 ± 2.7*

Limbic-Associated

 Bed nucleus of stria terminalis 25 ± 2.1 20 ± 1.6 22 ± 2.3

 Lateral septum 35 ± 2.2 25 ± 1.2 * 27 ± 0.8 *

 Extended amygdala 31 ± 2.2 23 ± 1.3* 25 ± 0.8

Hippocampal Formation

 CA1 37 ± 4.8 27 ± 2.4 ** 31 ± 1.6

 CA3 35 ± 4.4 24 ± 2.4 ** 29 ± 1.4

 Dentate gyrus 41 ± 4.3 30 ± 2.3 ** 34 ± 2.6

 Subiculum 43 ± 4.5 32 ± 1.6 ** 37 ± 2.7

 Entorhinal cortex 46 ± 3.4 34 ± 3.3 ** 32 ± 2.2 **

†
Data represent rates of local cerebral glucose utilization (μmol/100g/min) expressed as means ± S.E.M.

*
P < 0.05,

**
P < 0.01 different from food control, one-way ANOVA followed by Bonferroni t-tests comparing self-administration groups to food controls.
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Table 5

Proportion of brain regions in which rates of glucose utilization were significantly different from rates of

controls following initial (5 days; Porrino et al, 2002), chronic (100 days; Beveridge et al, 2006) exposure to

cocaine self-administration and after re-exposure to cocaine 30 or 90 days after cessation of self-

administration. The individual brain regions within each system are listed in Tables 2–4.

System 5 days Cocaine SA§ 100 days Cocaine SA# 100 days Cocaine SA + 30
days Cessation

100 days Cocaine SA + 90
days Cessation

Striatum 4/9 9/9 9/9 8/9

Limbic 1/20 12/20 19/20 6/20

Prefrontal/motor cortex 6/13 10/13 11/13 11/13

Temporal cortex 0/5 4/5 5/5 5/5

Thalamus 3/8 4/8 7/8 6/8

Basal ganglia 4/6 1/6 3/6 1/6

§
Data taken from Porrino et al., 2002

#
Data taken from Beveridge et al. 2006
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