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Abstract
This review examines the growing literature on the role of peroxisome proliferator-activated
receptors (PPARs) in addiction. There are two subtypes of PPAR receptors that have been studied
in addiction: PPAR-α and PPAR-γ. The role of each PPAR subtype in common models of
addictive behavior, mainly pre-clinical models, is summarized. In particular, studies are reviewed
that investigated the effects of PPAR-α agonists on relapse, sensitization, conditioned place
preference, withdrawal and drug intake, and effects of PPAR-γ agonists on relapse, withdrawal
and drug intake. Finally, studies that investigated the effects of PPAR agonists on neural pathways
of addiction are reviewed. Taken together this preclinical data indicates that PPAR agonists are
promising new medications for drug addiction treatment.
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Drug dependence is a chronic, relapsing disorder in which compulsive drug-seeking and
drug-taking behavior persists despite serious negative consequences (1). Addictive
substances, such as opioids, ethanol, psychostimulants, alcohol and nicotine, induce pleasant
states or relieve distress, effects that contribute to their recreational use. Drug use can be
elicited by the positive motivational effects of drugs or their ability to relieve physical
withdrawal or the negative affect associated with drug abstinence in dependent individuals
(2). Those aspects are termed positive and negative reinforcement, respectively. Animal
models for the study of addiction have been developed to investigate the rewarding and
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reinforcing effects of drugs of abuse through, for example, operant drug self-administration
and reinstatement studies, while withdrawal studies investigate the somatic signs of
withdrawal that occur after abrupt cessation of drug use following dependence induction or
the negative affect (i.e., anxiety- or depressive-like behaviors) that may occur during
protracted abstinence.

Although addictive drugs produce their effects through actions at various receptors in the
brain, it is thought that their common effects on activity of dopaminergic brain reward
pathways is primarily responsible for their addictive properties (3–6). Notably, the
mesocorticolimbic system, which projects from the ventral tegmental area to the nucleus
accumbens, cortical areas and the amygdala, is implicated in the rewarding/reinforcing
effects of psychostimulants and other drugs of abuse, as well as the effects of non-drug
natural rewards such as food (7) (see (6) for a recent review). The involvement of dopamine
in the rewarding effects of drugs of abuse is suggested by findings that most drugs abused
by humans increase extracellular levels of dopamine in the nucleus accumbens (NAcc) (8, 9)
and that blockade of dopamine transmission reduces the rewarding effects of
psychostimulants (10). In particular, all addictive drugs are thought to activate the shell
subregion of the NAcc (11, 12).

The peroxisome proliferator-activated receptors (PPARs) are a group of nuclear receptor
proteins which serve primarily to regulate gene expression through their role as ligand-
activated transcription factors (13). Originally discovered as orphan nuclear receptors in the
early 1990s, PPARs were found to be targets of a group of compounds known as
peroxisome proliferators (14) due to their ability to induce a proliferation of cellular
organelle peroxisomes in rodents (15). Though these receptors were eventually found to not
be involved in the induction of peroxisome proliferation in humans, the name has been
maintained. Three PPAR isoforms have been identified (alpha, delta, and gamma), with each
being transcribed from different genes (16). The primary function of PPAR-α is as a fatty
acid sensor that regulates lipid and lipoprotein metabolism and energy homeostasis through
the activation of several target genes, it is a major regulator of lipid and lipoprotein
metabolism and energy homeostasis (17).

Interest in PPARs as a target for treating drug addiction arose from the study of the related
cannabinoid system (see Figure 1), which is believed to be involved in the addictive
properties of drugs, including cocaine and nicotine (18–23). There are two main endogenous
ligands for cannabinoid receptors, anandamide (AEA) and 2-arachindonoylglycerol (2-AG),
which are broken down by fatty acid amide hydrolase (FAAH) and by monoacyglycerol
lipase (MAGL), respectively. FAAH also breaks down the endogenous ligands for PPAR
receptors, oleoylethanolamide (OEA) and palmitoylethanolamide (PEA). Thus FAAH
inhibiting drugs increase endogenous levels of both endocannabinoids and PPAR agonists.
Studies with the FAAH inhibitor URB597 have identified FAAH inhibition as a promising
target for the treatment of addiction (24–26), and cannbinoid receptors and PPAR may both
play a role in these effects.

PPARs are distributed in many areas throughout the brain (27–29). One study found their
expression highest in the cerebral cortices (29), while another found that PPARα mRNA
expression was also high in the dentate gyrus of the hippocampus and the olfactory tubercle.
Another study (27) provided a detailed description of the localization of PPARs in the brain,
finding PPARα in most areas except the hypothalamus, rhombencephalon and spinal cord,
and finding PPARγ in most areas except the olfactory bulb, and some parts of the olfactory
cortex and thalamus. Interestingly for addiction, PPARγ was also found in the ventral
tegmental area, where it colocalizes with tyrosine hydroxylase positive signals, which
suggests it is expressed in dopaminergic neurons (30).
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Recently, the role of PPARs in addiction has received increasing attention (31, 32). This
review focuses on the role of PPAR agonists on preclinical models of addictive behaviors;
the findings are summarized in Table 1, and will be reviewed here. Table 2 provides a list of
agonists and antagonists for PPAR receptors that are referred to in this review. We will first
summarize the main animal models used to assess subjective and rewarding/reinforcing
effects of drugs of abuse (23) and then summarize the preclinical and clinical findings
related to PPAR agonism and the subjective and rewarding/reinforcing effects of different
drugs of abuse in these models. The results obtained will be presented by animal model. The
putative neurobiological mechanisms underlying these effects will also be discussed.

Animal models for studying effects of drugs of abuse
A variety of animal models are available to study the cardinal features of drug dependence
(23, 33–45). The effects of PPAR agonists have been evaluated using animals models for the
subjective effects of drugs (drug discrimination), their rewarding/reinforcing effects
(intravenous drug self-administration), the influence of environmental factors on drug-
seeking behavior (reinstatement of extinguished drug-seeking behavior and other relapse
models, sensitization) and the withdrawal states associated with abrupt termination of drug
action. We will review the results obtained so far with these various procedures, focusing on
operant drug self-administration models, the preeminent animal model of drug abuse.

Drug discrimination
Humans abusing psychoactive drugs report characteristic subjective effects, and drug
discrimination procedures in rats and monkeys are extensively used to model these effects.
The organism’s ability to perceive and identify the characteristic interoceptive effects of
drugs is thought to play a role in drug-seeking, encouraging the development of this
behavior and directing it towards one substance rather than another, on the basis of relative
potencies and effects (46). To assess the discriminative effects of drugs, animals are trained
with response-contingent food-pellet delivery or stimulus-shock termination to respond on
one lever after an injection of a training dose of a drug and on the other lever after an
injection of vehicle. Once animals learn to reliably make this discrimination, the subjective
effects of different drugs can be compared and the modulation of subjective effects of drugs
of abuse by various pharmacological ligands can be studied.

Operant drug self-administration
Natural rewards, such as water, food, and drugs of abuse may serve as positive reinforcers,
increasing the frequency of the response that produces them. To study intravenous drug self-
administration, a permanent catheter is implanted in a vein to allow the animal to self-inject
a small amount of drug by pressing a lever. The administration of drug constitutes the event
that positively reinforces the lever-pressing behavior. Various schedules of reinforcement of
drug self-administration behavior have been developed, defined by the response
requirements for obtaining each injection.

Fixed-ratio and progressive-ratio schedules—Under a fixed-ratio schedule, a fixed
number of lever-presses are necessary to obtain each injection (e.g., 1 lever press for a fixed-
ratio 1, i.e. FR1, schedule). In contrast, under a progressive-ratio schedule, the number of
lever-press responses required to obtain a drug injection increases after each injection (47)
until the subject fails to emit the required number of responses. The highest ratio that is
completed is termed the “breaking point”, and higher breaking points are considered to be an
indicator of higher reinforcing effectiveness of the drug.
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Reinstatement
The main animal models of relapse are reinstatement paradigms that model the ability of re-
exposure to environmental stimuli (48) or drugs (49–51) to induce drug-seeking after a
period of abstinence. Relapse is of clear importance to the study of addiction, and the
reinstatement model has been studied in rats (53, 54) and humans (55) and found to have
high predictive validity (52). In this model, the animal first learns to self-administer a drug,
and then the response is extinguished by discontinuing availability of the drug. Following
extinction of the drug-seeking behavior, the behavior is reinstated by exposing the subject to
environmental cues that have been associated with drugs (48, 53, 54, 56–58), stress (59–61)
and by acute priming injection of drugs (49, 53, 54, 62).

Sensitization
With repeated exposure to drugs of abuse, animals can show either a heightened or
decreased response to a dose of drug. Termed sensitization and tolerance, respectively, the
occurrence of one or the other can be dependent on the manner in which the drug of abuse is
given. That is, repeated high doses with little time intervening between administrations can
lead to tolerance, whereas intermittent exposure can lead to sensitization (63, 64).
Sensitization —which in animals is usually studied as increased locomotor activity when the
drug is given— has been demonstrated for all drugs of abuse, and the incentive sensitization
theory posits that sensitization functions to transition drug ‘liking’ to drug ‘wanting’ (65).
Specifically it is the incentive motivational properties of the drug that are sensitized (66) and
this is thought to lead to approach to drugs of abuse.

PPAR-α agonists and addiction
The following review of the literature investigating effects of PPAR-α agonists on animal
models of drug addiction are presented by behavior.

Drug intake
When the PPAR-α agonist clofibrate was administered prior to daily sessions when rats
were first allowed to self-administer nicotine, rats did not did not develop nicotine self-
administration behavior (67). When nicotine self-administration was established in rats or
monkeys before they were ever treated with the PPAR-α agonists WY1463 or clofibrate,
these PPAR-α treatments decreased nicotine intake (67, 68); these effects were reversed by
the PPAR-α antagonist MK886 (67, 68), which had no effect on nicotine self-administration
on its own. As clearly indicated in Figure 2, the number of active lever presses by rats for
nicotine was lower following pretreatment with clofibrate than following pretreatment with
vehicle. Clofibrate did not affect pressing of an inactive lever that was used to detect
possible non-specific changes in activity levels during acquisition of nicotine self-
administration. Although clofibrate (67) and WY1463 (68) blocked the rewarding effects of
nicotine, they did not block all of the interoceptive effects of nicotine (some of which may
actually be aversive) in the nicotine drug-discrimination test. In sum, these studies suggest
that PPAR-α agonists specifically reduce nicotine intake by interfering directly with
nicotine’s rewarding/reinforcing pharmacological effects.

Drug intake has also been studied with a two bottle choice paradigm in which animals are
given alcohol solution in one bottle and water in another, and measuring the amount of each
that is consumed. In one study (69), it was found that the PPAR-α agonist gemfibrozil
decreased ethanol intake for a 7% solution, with no effect on the daily intake of rat chow,
suggesting that PPAR-α agonists may be effective in decreasing alcohol drinking. However,
it should be noted that another study (70) found the opposite effect when the concentration
of alcohol was gradually increased to 30%; after clofibrate administration, rats increased
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their intake by 127% as compared to controls that increased their intake by 27%. The latter
effect was accompanied by an increase in the amount of calories consumed from alcohol and
a concomitant decrease in the caloric intake from chow. The reasons for the discrepancy in
the literature are unclear, but it may be related to differences in concentration of alcohol,
with 7% alcohol used in the former study and 30% alcohol used in the latter. Also, dietary
factors may have played a role at the higher alcohol concentration, leading to increased
intake.

Reinstatement
The effects of PPAR-α agonists have been tested in both the cue-induced reinstatement and
drug-induced reinstatement paradigms. That is, after acquisition of self-administration
responding for nicotine under either a FR-1 or FR-5 schedule of reinforcement followed by
extinction of the responding, responding was reinstated by priming injections of nicotine
(25). In our studies (67, 68), pretreatment with the PPAR-α agonists WY14643 and
clofibrate prior to nicotine-induced reinstatement attenuated reinstatement in rats and
monkeys, as illustrated in monkeys in Figure 3; administration of the PPAR-α antagonist
MK886 reversed the effects of WY14643 on nicotine-induced reinstatement (67). MK886
also reversed the effects of clofibrate on nicotine-induced reinstatement (67). However,
unlike drug intake, where the effects of PPAR-α agonists seemed to be selective for
nicotine, and perhaps alcohol, both nicotine-induced and cue-induced reinstatement to
nicotine-seeking behavior in monkeys were blocked by clofibrate, and both of these effects
were reversed by MK886 (67).

Sensitization
Two studies have looked at the role of PPAR-α receptors in sensitization. In one study,
mutant mice lacking the PPAR-α gene were tested for sensitization to injections of
morphine and cocaine. It was found that, in these mutant mice, sensitization to cocaine was
unaffected (71). However, in mutant mice lacking the PPAR-α gene, sensitization to
morphine was potentiated (71). Increased sensitization to morphine was observed at a dose
of 5 mg/kg but, at a higher dose of 10 mg/kg, sensitization in the mutant was not different
from that in the wild-type. Therefore, deletion of PPAR-α gene may enhance sensitization.
Further, these effects may be evident only after the acquisition of sensitization, because
when the PPAR-α agonist WY14643 was administered prior to either induction or
expression of sensitization, it blocked the expression but not the acquisition of sensitization
to morphine.

PPAR-γ and addiction
In a relatively recent study looking at the expression of PPAR-γ protein in circulating
monocytes and macrophages from healthy smokers and non-smokers, it was found that
PPAR-γ protein expression is increased in smokers as compared to non-smokers (72). To
confirm these findings, cells from healthy non-smokers were treated in vitro with nicotine
and PPAR-γ protein quantified; a dose-dependent increase in expression was found after
nicotine treatment. These effects were reversed by bungarotoxin. Although indicative of a
link between nicotine effects and PPAR-γ protein, clear evidence for a role of this receptor
in addiction came from studies on alcohol carried out in our laboratory (73).

Intake
In one series of experiments, the effects of PPAR-γ agonists on multiple measures of alcohol
drinking were examined. The PPAR-γ agonists pioglitazone and rosiglitazone decreased
voluntary consumption of a 10% alcohol solution in rats genetically selected for high
alcohol consumption when these rats were given a choice between the alcohol solution and
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water (73). This effect lasted the duration of the 7 day treatment phase and drinking returned
to normal after the treatments were abated. Water consumption was unchanged while food
intake was increased by pioglitazone but not rosiglitazone; this effect decreased over time.
These results suggest that changes in alcohol intake were specific and not due to any general
inhibition of feeding behavior. Similarly, when rats had to perform an operant task to
receive alcohol, pioglitazone significantly reduced alcohol self-administration while lever
pressing for saccharin was not modified. These results not only suggest a selective effect of
PPAR-γ agonists on intake of alcohol, as opposed to natural reinforcers, they also suggest
that decreases in alcohol self-administration were not due to a non-specific inhibition of
behavior or a decrease in the ability to perform a response. Importantly, in this study, it was
also demonstrated that PPAR-γ agonists, while reducing alcohol drinking, did not modify
blood glucose levels nor did they affect alcohol metabolism, ruling out the possibility that
metabolic effects might have contributed to drug effects. Rather, PPAR-γ agonists appear to
have affected the motivation to take alcohol. In a subsequent study it was also shown that
combining pioglitazone with naltrexone, a drug currently used for alcohol addiction
treatment in humans, leads to a more pronounced inhibition of drinking compared to the two
drugs given alone (74). More recently, experiments were conducted to evaluate the effect of
PPARγ agonists on opiate intake. Results revealed that treatment with pioglitazone
significantly reduced intravenous self-administration of heroin under both fixed-ratio and
progressive-ratio schedules of reinforcement. This effect was maintained over repeated days
of treatment (75).

Reinstatement and withdrawal
By contrast to the effects on intake, the PPAR-γ agonist pioglitazone had no effect on cue-
induced reinstatement of alcohol-seeking behavior (73), suggesting that PPAR-γ agonists
may function to abate primary responses for drugs and not those conditioned to the
environment. As can be seen in Figure 4, reexposure to environmental stimuli induced
increases in alcohol-seeking and these increases were similar following administration of
pioglitazone. By comparison, as can also be seen in Figure 4, pioglitazone decreased
reinstatement induced by yohimbine stress. Yohimbine is an α2 adrenoceptor antagonist that
acts as a pharmacologic stressor in animals and in humans. In animals, it potently reinstates
alcohol–seeking behavior (76), while in abstinent alcoholics it elicits intense craving that
correlates with alcoholism severity (77). Most notably, contrary to pioglitazone, naltrexone
reduced reinstatement of drug-seeking triggered by cues but not by yohimbine stress (74).
However if the two drugs were combined at relatively low doses, they were able to prevent
both forms of relapse (74). This provides further evidence for the potential of this drug
combination in the treatment of alcohol addiction. In additional experiments with
pioglitazone, activation of PPARγ markedly reduced the expression of somatic withdrawal
signs in rats made dependent on alcohol following chronic intragastric alcohol
administration (73).

Sensitization
Repeated daily administration of methamphetamine led to development of locomotor
sensitization associated with an increased level of PPARγ protein in the nuclear fraction
from whole brain tissue, suggesting an increased translocation of the receptor in the nucleus
(78). Most notably, repeated intracerebroventricular administration of two distinct PPARγ
agonists, pioglitazone and ciglitazone, prevented the expression of methamphetamine
sensitization. This protective effect of pioglitazone was synergistically facilitated by
concomitant administration of 9-cis-retinoic acid, an agonist for the retinoid X receptor
which is another nuclear receptor that forms heterodimers with PPARγ. On the other hand,
treatment with the PPARγ antagonist GW9662 during the withdrawal period prior to
methamphetamine challenge increased the expression of behavioral sensitization (78).
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In light of the ability of PPARγ to reduce glia-mediated inflammatory response in the brain
and to protect from NMDA mediated excitotoxic damage (79, 80), it was hypothesized that
the effect of pioglitazone on methamphetamine sensitization was the result of its
neuroprotective effects (78). However, as discussed in the following paragraph, an
alternative possibility is that pioglitazone blocked the locomotor sensitizing effects of
methamphetamine by reducing the ability of this drug to activate corticomesolimbic
dopamine (DA).

PPARs and dopamine neurons
The endogenous PPAR-α agonists, oleoylethanolamide (OEA) and palmitoylethanolamide
(PEA) can block nicotine’s ability to stimulate mesolimbic dopamine neurons, thereby
blocking nicotine’s rewarding and addictive properties (81). These effects of OEA and PEA
are inhibited by the PPAR-α antagonist MK886, demonstrating specific PPAR-α
involvement. Further, incubation of brain slices with the tyrosine hydroxylase inhibitor,
genistein, also inhibited the effects of OEA on nicotine induced changes in firing rate of
dopamine neurons, suggesting that tyrosine kinases contribute to the effects of PPARs on
nicotine-induced changes in firing rate; phosphorylation of the nicotine receptor appears to
mediate the PPAR-α inhibition of nicotine’s effects. The rapid onset of OEA/PEA effects
suggested a nongenomic mechanism of PPAR-α stimulation of tyrosine kinases. Further
work showed that PPAR-α agonists caused negative modulation of dopamine neurons, as
WY14643, a PPAR-α agonist, reduced the number of spontaneously active dopamine
neurons, while MK886, a PPAR-α antagonist, increased spontaneous activity of VTA
dopamine neurons, an effect that was blocked by WY14643 and by nicotinic antagonists
(82). The addictive potential of nicotine is believed to be mediated by dopamine neurons (6,
83), and thus these effects are key to its addictive potential.

Indeed, PPAR-α agonists were also effective at the terminal regions in the nucleus
accumbens, an area believed to be critical to abuse potential (84), especially the shell
subregion (11, 12). That is, PPAR-α agonists blocked nicotine’s ability to induce excitation
of dopamine neurons in the VTA, at doses that did not alter spontaneous firing rates; this
effect was reversed by the PPAR-α antagonist MK886 (67, 68). PPAR-α agonists also
attenuated nicotine-induced increases in dopamine levels in the nucleus accumbens shell at
doses that had no effect on DA on their own; these effects were also reversed by MY886 at
doses that were ineffective on its own (67, 68). Further, MK886, a PPAR-α antagonist,
blocked URB597’s effects on nicotine-induced inhibition of medium spiny neuron
activation induced by stimulation of the baso-lateral amygdala, an effect that was also found
with cocaine- induced inhibition of medium spiny neuron activation induced by stimulation
of the baso-lateral amygdala.

In relation to PPARγ it has been recently demonstrated that this receptor is present in the
VTA, where it co-localizes with tyrosine hydroxylase (TH), suggesting its expression in
dopaminergic cells (30). The VTA dopamine system has a well established role in several
aspects of drug dependence including sensitization, drug intake and relapse, which may
explain the findings with alcohol, methamphetamine and heroin reviewed above. In this
respect, recent data from our laboratory demonstrated that activation of PPARγ by
pioglitazone reduced morphine-induced increases in the firing rate of VTA dopamine cells
and dopamine release in the shell portion of the nucleus accumbens.

Summary
Despite the fact that PPAR research in the context of addiction is relatively new and
unexplored, there is already robust evidence supporting an important role of this system in
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drug abuse (31, 32). Current data point to the possibility that agonism at these receptors may
offer a potentially valuable pharmacotherapeutic approach to drug addiction.
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Figure 1.
Biological effects of PPARs. CB: cannabinoid receptor; 2-AG: 2-arachindonoylglycerol;
AEA: anandamide; FAAH: fatty acid amide hydrolase; OEA: oleoylethanolamide; PEA:
palmitoylethanolamide; PPAR: peroxisome proliferator activated receptor
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Figure 2.
Clofibrate prevented the acquisition of nicotine self-administration in nicotine-naïve rats.
Left panel: Vehicle-treated control rats acquired nicotine self-administration and responses
in the active nose-poke hole were greater than in the inactive nose-poke hole that had no
consequences. Right panel: Clofibrate pre-treatment decreased the acquisition of nicotine
self-administration; responses in the inactive and active nose-poke holes were the same.
Taken from Panlilio et al. (2012).
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Figure 3.
Reinstatement of nicotine-seeking by a priming injection of nicotine after extinction in
monkeys. The PPAR-α agonist WY14643 (20 or 40 mg/kg i.p.) dose-dependently reduced
the reinstatement of extinguished nicotine-seeking responses. This effect of WY14643 was
prevented by pretreatment with the PPAR-α antagonist MK886 (1 mg/kg i.m.). Data are
presented as mean ± SEM. *Significant difference from vehicle pretreatment during a saline
prime session. #Significant difference from vehicle pretreatment during a nicotine prime
session. Taken from Masica et al. (2011).
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Figure 4.
The effect of pioglitazone on yohimbine-induced reinstatement (left panel) and cue-induced
reinstatement (right panel). During training, rats consumed alcohol prior to extinction (Ext)
of this response. Compared with extinction, both yohimbine (left panel) and cues predictive
of alcohol (S+; right panel) induced reinstatement of alcohol-seeking. Responding for the
alcohol-predictive cues (S+) was also higher than responding for a stimulus predictive of
water availability (S−). Yohimbine-induced reinstatement was reduced following treatment
with pioglitazone (Pio), while cue-induced reinstatement was not affected. *Significant
difference from vehicle (p<0.05 for yohimbine-induced reinstatement and p<0.01 for the
cue-induced reinstatement data). Data are presented as mean ± S.E.M. Taken from Stopponi
et al. (2011).
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Table 1

Summary of findings of pre-clinical studies reviewed.

receptor
subtype antagonist/agonist effect behaviour reference

α agonist ↓ acquisition of nicotine self-administration 67

α agonist ↓ maintenance of nicotine self-administration FR schedule 67, 68

α agonist - responding for food FR schedule 25, 67, 68

α agonist - drug discrimination 68

α agonist ↓ ethanol intake 69

α agonist ↑ ethanol intake 70

α agonist ↓ nicotine-induced reinstatement 67, 68

α agonist ↓ cue-induced reinstatement of nicotine-seeking 67

α agonist - sensitization to cocaine 71

α agonist ↑ sensitization to morphine 71

γ agonist ↓ intake of alcohol 73

γ agonist ↑ food intake 73

γ agonist - water intake 73

γ agonist ↓ self-administration of ethanol 73

γ agonist ↓ self-administration of heroin FR schedule 75

γ agonist ↓ self-administration of heroin PR schedule 75

γ agonist - cue-induced reinstatement of alcohol-seeking 73

γ agonist ↓ yohimbine-induced reinstatement of alcohol-seeking 73

γ agonist ↓ Methamphetamine sensitization 78

γ antagonist ↑ Methamphetamine sensitization 78
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Table 2

Agonists and antagonists at PPARα and PPARγ receptors reviewed.

PPARα
agonists

endogenous oleoylethanolamide (OEA)
palmitoylethanolamide (PEA)

exogenous
clofibrate
gemfibrozil
WY14643

antagonists exogenous MK886

PPARγ agonists exogenous
pioglitazone
rosiglitazone
ciglitazone
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