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Abstract

The prefrontal cortex plays an important role in shaping cognition and behavior. Many studies 

have shown that medial prefrontal cortex (mPFC) plays a key role in seeking, extinction, and 

reinstatement of cocaine seeking in rodent models of relapse. Subregions of mPFC appear to play 

distinct roles in these behaviors, such that the prelimbic cortex (PL) is proposed to drive cocaine 

seeking and the infralimbic cortex (IL) is proposed to suppress cocaine seeking after extinction. 

This dichotomy of mPFC function may be a general attribute, as similar dorsal-ventral distinctions 

exist for expression vs. extinction of fear conditioning. However, other results indicate that the 

role of mPFC neurons in reward processing is more complex than a simple PL-seek vs. IL-

extinguish dichotomy. Both PL and IL have been shown to drive and inhibit drug seeking (and 

other types of behaviors) depending on a range of factors including the behavioral context, the 

drug-history of the animal, and the type of drug investigated. This heterogeneity of findings may 

reflect multiple subcircuits within each of these PFC areas supporting unique functions. It may 

also reflect the fact that the mPFC plays a multifaceted role in shaping cognition and behavior, 

including those overlapping with cocaine seeking and extinction. Here we discuss research leading 

to the hypothesis that dorsal and ventral mPFC differentially control drug seeking and extinction. 

We also present recent results calling the absolute nature of a PL vs. IL dichotomy into question. 

Finally, we consider alternate functions for mPFC that correspond less to response execution and 

inhibition and instead incorporate the complex cognitive behavior for which the mPFC is broadly 

appreciated.
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Introduction

The prefrontal cortex (PFC) includes a collection of brain regions intimately associated with 

the regulation of cognitive, emotional, and motivational processes. Included among these 

functions are those related to control of behavior: attention, response inhibition, planning, 

and decision-making (Balleine and Dickinson, 1998; Dalley et al., 2004; Euston et al., 2012; 

Miller and Cohen, 2001). Dysregulaton of these functions is at the core of addiction, and, 

ultimately related to the balance between execution and inhibition of behavior (Goldstein 

and Volkow, 2011). Although considerable research has focused on the role of motivational 

processes in addiction, it is ultimately a disorder of the balance between motivation and self-

regulation, where self-regulation is underpinned by behavioral control functions described 

above. Given the primacy that deficits in self-control play in driving compulsive drug use 

and addiction, it is no surprise that there is substantial interest in understanding how PFC 

both moderates reward or drug seeking behaviors as well as in how its dysfunction can result 

in diseases such as addiction.

There have been a number of reviews relating PFC function to reward seeking-related 

behaviors and its dysfunction to addiction (Goldstein and Volkow, 2011; Kalivas, 2008; 

Peters et al., 2013). The goals of the current review are to (1) summarize the preclinical 

findings associating the PFC with drug seeking, particularly seeking of cocaine and related 

psychostimulants, (2) discuss models relating PFC subdivision function to drug seeking and 

addiction, and (3) provide a discussion of future directions necessary to provide a 

comprehensive understanding of how best to study the PFC in relation to drug seeking and 

addiction. Given the widespread use and powerfully predictive outcomes of rodent models 

(Bentzley et al., 2013; Crombag et al., 2008; Epstein et al., 2006; Mahler et al., 2012), we 

will focus on these for the majority of the review. However, we do so knowing that there are 

significant differences between rodent and primate (including human) PFC (Kesner and 

Churchwell, 2011; Uylings et al., 2003; Wise, 2008) and that there have been substantial 

advances in understanding how the human PFC functions in relation to drug abuse and 

addiction as described in a number of comprehensive reviews (Goldstein and Volkow, 2011; 

Moeller and Goldstein, 2014). We first briefly discuss the role of the human PFC in drug 

abuse and addiction before turning to a more comprehensive discussion of rodent models.

PFC in drug abuse and addiction in humans

There are a number of reasons why a consideration of human PFC function in drug abuse 

and addiction is worth briefly discussing in this review that focuses on rodent models of 

drug seeking. First, addiction is exclusively a human disease. Second, the prefrontal cortex 

plays an important role in the regulation of behaviors disrupted in addiction such as impulse 

control, response inhibition and executive function, and this area is massively expanded in 

human and non-human primates relative to rodents (Wise, 2008). Although it is difficult to 

make precise relationships between human and rodent PFC, it is clear that these overlapping 

areas are critically important as potential targets for understanding how prolonged drug use 

results in a loss of control over behavior.
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Response to direct effects of drug

Intravenous cocaine delivery in short-term abstinent cocaine-addicted patients is associated 

with positive blood oxygen level-dependent (BOLD) responses in multiple prefrontal 

cortical regions, including dorsolateral prefrontal cortex (dlPFC), anterior cingulate, anterior 

orbital gyrus, orbitofrontal cortex (OFC), medial orbital gyrus, and frontopolar cortex (FPC) 

(Breiter et al., 1997; Kufahl et al., 2008; Kufahl et al., 2005; Risinger et al., 2005). These 

prefrontal responses may be enhanced in cocaine addicts, as intravenous methylphenidate 

(which cocaine addicts report as being similar to cocaine) increases metabolic responses in 

right medial orbital prefrontal cortex in addicted subjects, but decreases metabolism in 

control subjects (Volkow et al., 2005). Prefrontal responses to cocaine appear to be 

mediated, at least in part, by expectation of drug, as BOLD signals are significantly 

enhanced in lateral OFC, frontopolar cortex and anterior cingulate after expected versus 

unexpected cocaine delivery (Kufahl et al., 2008). In contrast, expectation has little effect on 

the activation of subcortical regions, with responses in these regions mainly associated with 

the pharmacological effects of cocaine (Goldstein and Volkow, 2011; Kufahl et al., 2008). 

Prefrontal activity also appears to be associated with the perceived pleasurable effects of 

intravenous cocaine delivery, as BOLD signals in most regions are positively correlated with 

‘rush’ ratings (Breiter et al., 1997). These data indicate that the effects of cocaine on PFC 

function in humans are related to both the liking as well as the wanting of delivered cocaine, 

perhaps differentiated by subregional activation.

Effects of drug-associated cues

Studies investigating patterns of activation in response to drug-associated stimuli typically 

involve exposing participants to either video or pictures of people using drugs or handling 

drug-associated paraphernalia. These studies have generally demonstrated that relative to 

controls, cocaine-addicted individuals exhibit enhanced activation in prefrontal regions 

following exposure to drug-associated stimuli, particularly in cingulate cortex (Kilts et al., 

2004; Kuhn and Gallinat, 2011; Marhe et al., 2013; Wexler et al., 2001), left lateral OFC 

and right dorsolateral PFC (Bonson et al., 2002). Activation of prefrontal regions following 

exposure to drug cues has also been reported in nicotine (Brody et al., 2002; Brody et al., 

2007; Kober et al., 2010b; Yalachkov et al., 2009), alcohol (Grusser et al., 2004; Heinz et 

al., 2007) and heroin (Li et al., 2012; Li et al., 2013; Li et al., 2014; Xiao et al., 2006) 

addicted individuals. Importantly, measures of PFC activity following cue exposure appear 

to have some clinical relevance (Goldstein and Volkow, 2011). For example, cue-induced 

PFC activity is generally positively correlated with self-reported craving in cocaine, nicotine 

and alcohol addicts (Bonson et al., 2002; Heinz et al., 2004; Yalachkov et al., 2009). 

Anterior cingulate activity during a cocaine Stroop task can predict cocaine use three months 

later (Marhe et al., 2013). Similarly, PFC responses to alcohol related imagery can predict 

drinking behavior at a three-month follow up (Grusser et al., 2004).

Interestingly, one study compared activation patterns in cocaine addicts that were exposed to 

videos of both drug use and sexually-explicit content (Garavan et al., 2000). Both videos 

produced activation of various prefrontal regions, although, only anterior cingulate showed 

significantly greater activation during the cocaine film than the sex film, suggesting that this 

region may play a unique role in regulating craving elicited by drug-associated stimuli.
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An important role for PFC has also been shown in behavioral modulation of cue reactivity. 

In a study by Volkow et al. (Volkow et al., 2010), cocaine addicts were asked to inhibit 

craving induced by videos of cocaine-related imagery. Consistent with previous studies, 

control participants (not asked to inhibit their craving) exhibited increased glucose 

metabolism in medial PFC, and this activation was correlated with craving levels. In 

contrast, participants that inhibited their craving exhibited significantly reduced activity in 

right medial OFC (Volkow et al., 2010) and activation of right inferior frontal gyrus, a 

region known to be involved in inhibitory control (Goldstein and Volkow, 2011). In a 

similar study involving treatment-seeking cigarette smokers, instruction to resist craving 

while viewing smoking-related videos was associated with increased activity in ACC and 

dorsal lateral PFC (Brody et al., 2007). Further, when cigarette smokers were asked to 

consider the long-term consequences of cigarette use, increased activity was observed in 

regions involved in cognitive control, including dorsal lateral OFC and inferior frontal 

gyrus, whereas activity was decreased in PFC regions involved in craving, including medial 

OFC and anterior cingulate (Kober et al., 2010a).

Together, these data provide two main conclusions. First, the PFC is significantly implicated 

in multiple aspects of drug abuse and addiction including both expression of motivation and 

craving as well as exertion of restraint to suppress craving. Second, the human PFC is 

heterogeneous, with different subregions playing selective roles in regulating each of these 

components of drug use or abstinence. As discussed later in this review, there are similar 

differences in PFC subregions in rodent models of drug abuse and addiction, strengthening 

the connection between basic/translational animal models and clinical research in humans.

Despite the comprehensive results associating human PFC and drug abuse and addition, 

there are significant limitations of human studies. Foremost among these is the inability to 

disentangle cause and effect – e.g., it is not possible to manipulate the degree of addiction in 

human populations, and studies investigating effects of drug taking, while present and 

informative, are limited in number (Risinger et al., 2005). Additionally, the results of these 

studies are often difficult to interpret, as subjects typically express comorbid psychiatric 

disorders known to be associated with deficits in prefrontal functioning, including 

depression (Suh et al., 2009). Further, and perhaps more importantly, studies in humans are 

largely limited to non-invasive investigations. Although pharmacological, genetic, 

behavioral, and functional imaging investigations have provided substantial insight into the 

relationship between PFC function and addiction, these studies are inherently limited in 

what we see as a critically important dimension: they are unable to disentangle neuronal/

circuit-related heterogeneity. Put simply, it is highly unlikely that all neurons of a given area 

(e.g., the PFC) function in a similar manner and are equally disrupted in drug addiction. 

Given this point, an understanding of how neural circuits are disrupted at the cellular level in 

addiction is absolutely essential in a comprehensive characterization of addiction, and in 

potentially developing treatments that target diseased systems. There have been fewer 

investigations of non-human primate PFC in addiction models, although these studies have 

been informative and influential (Baeg et al., 2009; Bradberry and Rubino, 2004). Given the 

wealth of information provided by rodent models of addiction, and the potential for 

dissecting specific cellular networks associated with compulsive drug use in these models, 
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we focus here on the rodent PFC – specifically the medial PFC (mPFC) - in drug abuse and 

addiction.

Anatomy of the rodent medial prefrontal cortex

The mPFC is a key element of the mesocorticolimbic system that is thought to regulate 

drug-taking behavior (Kalivas, 2008; Kalivas, 2009). Rat mPFC receives dopaminergic 

input from fibers originating from the A10 group within the ventral tegmental area 

(Swanson, 1982), as well as from various limbic and sensory regions, including amygdala 

and hippocampus (Hoover and Vertes, 2007). Together, these inputs allow mPFC to 

evaluate the salience and motivational significance of drug associated contexts and stimuli 

(Kalivas, 2009; Lasseter et al., 2010). mPFC can then exert executive control over the 

selection and initiation of drug-seeking via its projections to the nucleus accumbens (NAc), 

which in turn engages motor structures such as dorsal striatum and ventral pallidum 

(Kalivas, 2009; Lasseter et al., 2010; Vertes, 2004).

In rat, mPFC is typically referred to as the structures located along the medial wall of PFC 

(Dalley et al., 2004; Groenewegen et al., 1997; Heidbreder and Groenewegen, 2003; Kesner 

and Churchwell, 2011). These structures are often grouped into a dorsal mPFC subregion, 

which includes precentral cortex (PrC) and anterior cingulate cortex (ACC), and a ventral 

subregion, which includes prelimbic (PL), infralimbic (IL) and ventral orbital (VO) cortices. 

Despite their lateral location, the dorsal agranular insular (AID) and dorsolateral 

orbitofrontal cortex (DLO) are often included as mPFC structures, given their 

interconnectedness with both PL and IL (Conde et al., 1995; Kesner and Churchwell, 2011; 

Vertes, 2004). In behavioral studies such as those described below, dorsal vs. ventral mPFC 

is frequently divided at the PL/IL border, with PL and ACC encompassing dorsal mPFC and 

IL and, to some degree, VO encompassing ventral mPFC. This detail underscores the 

important point that terminology is often imprecise in defining mPFC subregions and that 

efforts must be made to align function with specific areas.

Significant attention has been given to the delineation of PL and IL, with this boundary 

largely defined by dissociable anatomical connectivity. With a few exceptions, the 

projection patterns of PL and IL are vastly different (Vertes, 2004; Vertes, 2006), 

particularly with respect to the density of their projections to other reward-related brain 

regions. Differences in the afferent connections of PL versus IL with reward-related 

structures are summarized in Figure 1. For example, PL projects predominantly to NAc 

core, whereas IL projects almost exclusively to NAc shell (Berendse et al., 1992; Sesack et 

al., 1989; Vertes, 2004; Vertes, 2006). Similarly, PL fibers distribute primarily to the 

capsular central amygdala and basolateral amygdala. In contrast, IL projects widely 

throughout the amygdala, including to medial, basomedial, cortical and central amygdala 

nuclei (Beckstead, 1979; Hurley et al., 1991; Vertes, 2004; Vertes, 2006). Finally, whilst PL 

lightly innervates posterior and lateral hypothalamus en route to the brainstem, IL sends 

significant projections to dorsomedial hypothalamus, perifornical region, posterior and 

supramammillary nuclei (Hurley et al., 1991; Sesack et al., 1989; Vertes, 2004; Vertes, 

2006). For a more complete overview of connectivities of PL and IL, we direct the reader to 

several excellent papers (Heidbreder and Groenewegen, 2003; Vertes, 2004; Vertes, 2006).
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Finally, it is important to note that segregating PL vs IL based on anatomical connectivity 

alone is a somewhat imperfect approach, as mPFC projections typically follow a dorsal-

ventral gradient. For example, ventral regions of PL tend to innervate both core and shell 

regions of NAc (Heidbreder and Groenewegen, 2003). Whilst a precise boundary between 

these two regions is unlikely to exist, there is significant functional evidence to suggest that 

PL and IL have dissociable roles in various behaviors, including drug seeking (outlined 

below).

A prominent role of mPFC in animal models of drug-seeking

Animal models of drug use and abuse: a micro-primer

Rodent models of drug use and addiction are a critical component of our understanding the 

neuroscience of addiction, down to the molecular level, as addressed in the introduction. 

There are a number of behavioral paradigms associated with modeling drug use and abuse in 

animals. The benefits and drawbacks of different behavioral models are described elsewhere 

(Ahmed, 2012; Bentzley et al., 2013; Crombag et al., 2008; Epstein et al., 2006; Mahler et 

al., 2012; Marchant et al., 2013; Martin-Fardon and Weiss, 2013). We briefly note some of 

the major techniques frequently used and discussed here. In sensitization studies, animals 

are given repeated injections of drug. Locomotor responses to injections, which are 

enhanced over time, are measured as an influence of the sensitizing aspect of the drug on 

reward/motivation-related circuitry. In conditioned place preference studies, drugs injections 

are paired with a particular environment while saline or another neutral stimulus is 

associated with a second environment. The degree of preference that an animal exhibits for 

the drug-associated environment is considered to be a measure of preference for (or in some 

cases aversion to) a drug. In self-administration studies, animals self-deliver (often 

intravenous) infusions of drug by responding on an operandum – typically a lever-press or 

nose-poke. An animal’s preference and motivation for drug can be measured by recording 

responses. During extinction training, animals that previously self-administered drugs are 

presented with the same operanda which no longer provide drugs. Thus, as an animal learns 

to extinguish its behavior, investigators are able to study the development of response 

inhibition based on an absence of reinforcement. Finally, during reinstatement testing, 

extinguished animals (or sometimes those who have simply gone through a period of 

abstinence) are provided with cues, contexts, or drug “primes”, all of which trigger a 

resumption of drug seeking. This process is considered to reflect motivation for drugs even 

in their absence and is a valuable model of relapse in humans (Crombag et al., 2008; Epstein 

et al., 2006). There are, of course, a large number of other behavioral models and variants on 

these models which are commonly used, and the reader is directed to more comprehensive 

reviews to acquire a more nuanced description of those mentioned here and others (Ahmed, 

2012; Crombag et al., 2008; Epstein et al., 2006; Mahler et al., 2012; Martin-Fardon and 

Weiss, 2013). However, these models will be referred to throughout the remainder of this 

review, so a passing familiarity may be helpful.

The rodent mPFC – relationship to drug use and abuse

Using the behavioral techniques described above, studies have begun to characterize the role 

of rodent mPFC in both drug seeking as well as in drug-induced disruptions in behavioral 
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function. In both humans and rodents the mPFC is involved in high-level cognitive 

processes such as learning and decision-making, which are often disrupted following 

prolonged drug abuse. Chronic cocaine leads to mPFC-dependent cognitive decline in both 

humans and animals (Bolla et al., 2003; Briand et al., 2008; Cunha et al., 2010). These 

cognitive impairments lead to the vicious cycle of drug taking, withdrawal, and relapse—a 

marked characteristic of drug addicts. As mentioned above, mPFC is also a prominent 

region in the canonical mesocorticolimbic “reward” circuit (McGlinchey et al., In 

Preparation; Moorman and Aston-Jones, Submitted-a; Tzschentke and Schmidt, 1998; 

Tzschentke and Schmidt, 2000), and thus many preclinical studies have focused on the 

mPFC in various behavioral paradigms of reward and drug use and abuse.

In the early 1970’s, it was shown that animals will self-administer electrical stimulation of 

the mPFC, and then later that such stimulation of mPFC neurons produces a conditioned 

place preference (Duvauchelle and Ettenberg, 1991; Mora and Cobo, 1990; Phillips and 

Fibiger, 1978; Robertson and Laferriere, 1989; Routtenberg and Sloan, 1972). Rats also self-

administer cocaine directly in mPFC (Goeders and Smith, 1983; Goeders and Smith, 1984; 

Goeders et al., 1986; Goeders and Smith, 1986; Goeders and Smith, 1993) and cocaine 

facilitates intracranial electrical self-stimulation in this region (Corbett, 1991; McGregor et 

al., 1992; Moody and Frank, 1990). Infusion of dopamine or cocaine into mPFC can also 

increase cocaine-seeking behaviors (McFarland and Kalivas, 2001; Park et al., 2002). 

Likewise, lesion or inactivation manipulations of mPFC reduce cocaine-induced 

sensitization and reliably attenuate cocaine seeking, as measured in various reinstatement 

paradigms and cocaine-induced place preference (Capriles et al., 2003; Fuchs et al., 2005; 

McFarland and Kalivas, 2001; McLaughlin and See, 2003; Paxinos and Watson, 1997; 

Stefanik et al., 2013; Tzschentke and Schmidt, 1998); however mPFC lesions have also 

shown to expedite the acquisition of cocaine-taking (Weissenborn et al., 1997).

Additionally, mPFC exhibits cellular-level plasticity during and following cocaine use or 

relapse behavior. Arc and c-fos mRNA and their respective proteins (markers of neuronal 

activation) show increased expression in mPFC regions during acquisition of drug self-

administration and cocaine reinstatement paradigms (Ciccocioppo et al., 2001; Fumagalli et 

al., 2009; Neisewander et al., 2000). Recordings of single mPFC neuron activity during 

cocaine and heroin self-administration reveal a strong behavioral association: a substantial 

number of mPFC neurons are modulated (excited or inhibited) at different phases during 

drug seeking behaviors (Chang et al., 1997a; Chang et al., 1997b; Chang et al., 1998; Chang 

et al., 2000; Moorman and Aston-Jones, Submitted-b; Rebec and Sun, 2005; Sun and Rebec, 

2006; West et al., 2014).

Despite a clear influence of mPFC on drug-seeking behavior, this structure is not a unified 

entity (nor even dichotomous, as reviewed below). There are anatomical subdivisions, most 

notably along the dorsoventral axis, that appear to correspond to functional differences, 

including in the effects of mPFC manipulation on drug seeking (Berendse et al., 1992; 

Groenewegen et al., 1997; Hoover and Vertes, 2007; Kolb, 1984; Van Eden and Buijs, 

2000), and see “Anatomy of the rodent medial prefrontal cortex,” above). These effects vary 

depending on the type of drug, form of withdrawal (extinction training vs. abstinence), and 

behavioral context studied. A focus on these subregional differences indicates that the mPFC 
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as a whole is not a single neural system. Instead, regions within mPFC play strikingly 

different roles in shaping motivated behaviors, including those related to drug abuse and 

addiction.

Dichotomous functions for dorsal (PL) and ventral (IL) mPFC in drug 

seeking: Going vs. Stopping?

Most research investigating the functional differences in mPFC subregion has focused on 

distinguishing differences between the dorsal prelimbic (PL) and ventral infralimbic (IL) 

cortices. Research in this vein has revealed a substantial number of interesting differences 

that bear relevance on the regulation of drug seeking. In particular, the dorsal regions of the 

mPFC (typically the PL, and sometimes including the anterior cingulate, ACC, although see 

note in “Anatomy of the rodent medial prefrontal cortex,” above) have been demonstrated to 

play an important role in executing behaviors, whereas IL appears to be more involved in 

response inhibition (Gass and Chandler, 2013; Peters et al., 2009; Van den Oever et al., 

2010). The specifics of these differences are still under investigation and are not necessarily 

carved in stone, as is discussed below. However, there has been sufficient progress, both in 

the field of drug abuse/addiction models, and in other areas of research, to warrant 

consideration of how dorsal and ventral mPFC differences might map onto the control of 

drug seeking and taking.

PL vs. IL involvement in fear expression vs. extinction

Early studies characterizing differential function for dorsal and ventral mPFC were centered 

on learning, expression, and extinction of fear conditioning. It has been well-established that 

PL plays an important role for expression of fear-related behaviors, whereas IL plays an 

important role in inhibition of fear-related behavior, most notably during extinction of fear-

associated stimuli (Maren and Quirk, 2004; Nieuwenhuis and Takashima, 2011; Peters et al., 

2009; Sotres-Bayon and Quirk, 2010a). PL neurons fire during expression of conditioned 

fear responses, and fear conditioning increases the excitability of PL neurons (Burgos-

Robles et al., 2009). Activation of PL neurons drives or enhances fear-related freezing 

behavior whereas inhibition or lesions of PL diminishes or blocks fear-related freezing 

(Maren and Quirk, 2004; Morgan and LeDoux, 1995; Peters et al., 2009; Sierra-Mercado et 

al., 2011; Sotres-Bayon and Quirk, 2010a; Vidal-Gonzalez et al., 2006). Conversely, IL 

neurons fire when animals are presented with extinguished cues that once predicted 

footshock, most notably when animals no longer freeze to the cues (Chang et al., 2010; 

Milad and Quirk, 2002). In addition, activation of IL facilitates whereas inhibition of IL 

inhibits extinction of fear conditioning, respectively (Maren and Quirk, 2004; Morgan and 

LeDoux, 1995). Importantly manipulations of PL have little impact on fear-extinction 

related behaviors and PL neurons are minimally activated during presentation of 

extinguished fear-related stimuli. Conversely, manipulations of IL do not strongly influence 

fear expression, and neural activity in IL appears to correlate most strongly with strength of 

extinction. A recent study described Fos expression which was higher in the PL during the 

presentation of fear conditioned cues and higher in the IL in response to extinguished cues 

(Orsini et al., 2011). These general results have been repeatedly demonstrated by a number 

of laboratories, lending strong support to the general hypothesis that PL is critical for 
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expression and IL is critical for inhibition of fear-related behaviors. This framework is the 

subject of a number of reviews focused specifically on mPFC regulation of fear behaviors, 

to which we direct the interested reader (Gilmartin et al., 2014; Maren and Quirk, 2004; 

Peters et al., 2009; Sotres-Bayon and Quirk, 2010b)

PL drives cocaine seeking: effects of PL manipulation

Not long after mPFC subregions began to be explored with respect to fear expression and 

extinction, studies from the drug-abuse field began demonstrating that mPFC subregions 

differentially regulated expression of drug seeking. This work notably described an essential 

function for PL in promoting drug seeking, particularly that of cocaine. This research has 

gained momentum in recent years and has been demonstrated using a number of different 

techniques.

Lesions or pharmacological inactivations of PL using, e.g., baclofen/muscimol or lidocaine, 

have pronounced effects of cocaine-related behaviors, generally decreasing cocaine seeking 

or conditioning. PL inactivation during maintenance reduced drug seeking (Di Pietro et al., 

2006). PL inhibition blocks reinstatement induced by stress (Capriles et al., 2003; 

McFarland et al., 2004), cocaine-prime (Capriles et al., 2003; Di Pietro et al., 2006; 

McFarland and Kalivas, 2001; Vassoler et al., 2013), context (Fuchs et al., 2005), and cues 

(Di Pietro et al., 2006; Gipson et al., 2013; McLaughlin and See, 2003). PL and BLA 

disconnection decreased cocaine reinstatement (Mashhoon et al., 2010). PL inactivation also 

blocks spontaneous reinstatement induced by inactivation of IL, a phenomenon described 

further below (Peters et al., 2008a). PL lesioned rats showed decreased reinstatement after 

abstinence (Pelloux et al., 2013). This influence of PL on reinstatement is due to projections 

to other reward-circuit brain areas, most prominently the NAc. Stress- and cocaine prime-

induced reinstatement increased NAc core glutamate which was blocked by PL inactivation 

(Baker et al., 2003; McFarland et al., 2003; McFarland et al., 2004). Optogenetic inhibition 

of PL-NAc projections decreases cocaine and cocaine+cue-induced reinstatement (Stefanik 

et al., 2013). PL is also involved in drug-related behaviors outside self-administration: 

dmPFC lesions blocked cocaine sensitization and glutamate increases in NAc (Pierce et al., 

1998), and muscimol infusions into PL decreased cocaine-induced hyperactivity (Franklin 

and Druhan, 2000a).

Other forms of PL manipulation support a role in cocaine seeking. Both cocaine and 

dopamine infusions in PL produce reinstatement of drug seeking (McFarland and Kalivas, 

2001; Park et al., 2002). PL dopamine antagonist treatment decreases reinstatement induced 

by shock (Capriles et al., 2003; McFarland et al., 2004) or cocaine priming injection 

(McFarland and Kalivas, 2001; McFarland et al., 2003; Park et al., 2002; Sun and Rebec, 

2005). PL dopamine antagonist infusions also decrease stress- and prime-induced 

reinstatement of conditioned place preference (Sanchez et al., 2003). BDNF infusion in PL 

decreases abstinence, cue, and cocaine reinstatement (Berglind et al., 2007; Berglind et al., 

2009; Whitfield et al., 2011), and serotonin 2C receptor antagonists administered to PL 

decreased cue and prime-induced reinstatement (Pentkowski et al., 2010).
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PL drives cocaine seeking: cellular correlates

Observation of PL activation and plasticity after cocaine self-administration or reinstatement 

confirm a strong relationship between PL and drug seeking. Cocaine conditioning increased 

Fos activation in PL (Franklin and Druhan, 2000b). Fos in PL neurons is also increased on 

the last day of cocaine self-administration (Zavala et al., 2007), the first day of extinction 

(when seeking levels were high) (Nic Dhonnchadha et al., 2012), and during cocaine-

associated context discriminative or discrete cues that produced reinstatement (Ciccocioppo 

et al., 2001; Zhou et al., 2014). PL ARC mRNA is also elevated in cue-induced 

reinstatement (Zavala et al., 2008). After a period of cocaine abstinence, which has the 

impact of incubating, or upregulating craving for cocaine (Grimm et al., 2001), c-fos, zif268, 

and ARC mRNA are all elevated in PL (Hearing et al., 2008). A recent study investigating 

low- vs. high-frequency cocaine use models demonstrated that high-frequency cocaine self-

administration increased Fos in PL, and that optogenetic inhibition of PL decreased cocaine 

prime-induced reinstatement in this population of animals (Martin-Garcia et al., 2014). 

Cocaine self-administration also increases spines and dendritic bulbs in PL (Robinson et al., 

2001). Silent synapses in projections from PL to NAc core emerge after cocaine self-

administration, and electrophysiological induction of long-term depression at these synapses 

both reverses the expression of these synapses and decreases cocaine seeking elicited by 45 

days withdrawal (Ma et al., 2014). Recordings of PL neurons demonstrated these cells fire 

during cocaine self-administration and reinstatement, and the proportion of modulated 

neurons is enhanced after 1 month abstinence or in cocaine-induced reinstatement (Chang et 

al., 1997a; Moorman and Aston-Jones, Submitted-b; Rebec and Sun, 2005; Sun and Rebec, 

2006; West et al., 2014).

PL drives seeking of other drugs of abuse and natural rewards

PL also plays a role in the seeking/conditioning of other drugs of abuse, exhibiting a largely 

overlapping profile of influence over seeking of cocaine and other psychostimulants. PL 

inactivation decreases cue-induced and meth-induced methamphetamine reinstatement 

(Hiranita et al., 2006; Rocha and Kalivas, 2010) and cue-induced reinstatement of MDMA 

(Ball and Slane, 2012), and amphetamine self-administration increases spines and dendritic 

bulbs in PL (Crombag et al., 2005). PL inactivation blocks cue- and heroin prime-induced 

reinstatement of heroin seeking (LaLumiere and Kalivas, 2008; Rogers et al., 2008). Zif268 

was elevated during abstinence-induced heroin reinstatement (Schmidt et al., 2005), and 

heroin prime-induced reinstatement increases Fos (Shalev et al., 2003). Increased Fos 

activation was also observed in PL after conditioning for morphine, nicotine, and chocolate 

conditioned place preference (Schroeder et al., 2000; Schroeder et al., 2001). 

Discriminative-stimulus induced reinstatement of alcohol seeking increased PL Fos (Dayas 

et al., 2007), and optogenetic inhibition of PL reduced conflict (quinine or shock)-resistant 

alcohol seeking (Seif et al., 2013).

PL also plays a role in seeking of natural, typically food-based, rewards. PL inactivation 

decreases responding to the rewarded lever in a discriminative-stimulus sucrose seeking task 

(Ishikawa et al., 2008a; Ishikawa et al., 2008b). PL inactivation also decreased food pellet 

seeking and had no effect on expression of extinction of food seeking (Sangha et al., 2014). 

Optogenetic inactivation of dorsal mPFC decreased stress-induced reinstatement of food 
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seeking (Calu et al., 2013), and optogenetic activation of PL parvalbumin GABAergic 

interneurons (which presumably inhibit PL output) enhanced reward extinction learning, but 

did not influence consumption during conditioning or expression (Sparta et al., 2014). As 

would be expected from the results described above, PL neurons are activated during natural 

reward seeking (Burgos-Robles et al., 2013; Moorman and Aston-Jones, Submitted-a).

In sum, there is a plethora of evidence indicating a role for the PL/dorsal mPFC in 

promoting the seeking of cocaine and other drugs and natural rewards. Combined, these data 

support the hypothesis that PL is associated with expression of behavior and is in line with 

fear conditioning studies.

IL suppresses cocaine seeking: effects of IL manipulation and cellular correlates

In the same way that PL promotes both expression of fear conditioning and reward related, a 

number of findings have implicated IL in the suppression or restraint of fear- (as described 

above) and reward-seeking behaviors. This has typically been exhibited through studies of 

extinction learning, in which animals learn to withhold responding based on the absence of a 

previously conditioned outcome (footshock or drug reward).

Unlike PL, many studies have shown that IL does not appear to be involved in driving drug-

seeking. vmPFC lesions did not block cocaine sensitization and the associated glutamate 

increases in NAc (Pierce et al., 1998), nor does it block cue, context, stress, or cocaine 

prime-induced reinstatement (Capriles et al., 2003; Fuchs et al., 2005; McFarland and 

Kalivas, 2001; McFarland et al., 2004; McLaughlin and See, 2003). IL inactivation did not 

decrease cue or prime induced reinstatement of methamphetamine (Hiranita et al., 2006) or 

cue-induced reinstatement of MDMA (Ball and Slane, 2012). Zif268 was decreased in IL 

during both heroin and sucrose seeking (Schmidt et al., 2005).

Beyond simply not being involved, data have shown that IL plays an active role in 

suppressing cocaine seeking. IL inactivation induces enhanced lever pressing in late 

extinction of cocaine self-administration (Peters et al., 2008a) and increased spontaneous 

recovery after 28 days abstinence (Peters et al., 2008b). Conversely, IL activation decreases 

cocaine-induced reinstatement (Peters et al., 2008a). Similarly, IL PEPA (a positive 

allosteric modulator of AMPA receptors) decreased cue-induced reinstatement for cocaine 

(LaLumiere et al., 2012). Inactivation of IL immediately following each extinction session 

for 5 days enhanced cocaine seeking on subsequent days 6–12 whereas daily post-extinction 

session PEPA in IL decreased extinction responding (LaLumiere et al., 2010). A 

noradrenergic component to IL regulation of cocaine extinction learning was demonstrated 

by showing that beta agonists and antagonists in IL pre-training increased and decreased 

extinction, respectively (LaLumiere et al., 2010). Opposite to the findings in PL, silent 

synapses from IL projections to NAc shell emerge after withdrawal from cocaine self-

administration. Further, using LTD to reverse them increased, as opposed to decreased 

cocaine seeking elicited by 45 days withdrawal (Ma et al., 2014). Optogenetic activation of 

IL facilitated late-stage extinction for Pavlovian-associated cocaine (Van den Oever et al., 

2013). Finally, learned behavioral inhibition of cocaine seeking using a conditioned 

inhibitory “stop signal” cue increased Fos in IL (Navailles et al., 2014), although this effect 

was minor compared to the activation of PL (described below).
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IL suppresses seeking of other drugs of abuse and natural rewards

IL activation appears to be involved in suppressing behaviors related to other drugs besides 

cocaine as well as natural rewards. IL inactivation produced spontaneous renewal of heroin 

conditioned place preference after extinction (Ovari and Leri, 2008). PKMZ inhibition in IL 

disrupted extinction for morphine conditioned place preference and morphine withdrawal 

conditioned place aversion (He et al., 2011). Blocking GluR2 endocytosis in IL decreases 

cue-induced heroin seeking (Van den Oever et al., 2008). IL Fos activation was higher in 

extinction of beer seeking vs. contextual renewal of beer seeking in some studies (Marchant 

et al., 2010), though not in others (Marchant et al., 2009). IL inactivation increases 

responding to the non-rewarded lever as well as nonspecific lever responding in a 

discriminative stimulus-driven sucrose-seeking task (Ghazizadeh et al., 2012; Ishikawa et 

al., 2008a; Ishikawa et al., 2008b), and in a Pavlovian natural reward conditioning task, IL 

lesions enhance renewal of extinguished conditioning (Rhodes and Killcross, 2004; Rhodes 

and Killcross, 2007). In addition, IL inactivation or lesions increase premature responding in 

a five-choice serial reaction time task (Chudasama et al., 2003; Murphy et al., 2005; Murphy 

et al., 2012).

Evidence for an imperfect mapping between PL/IL and Go/Stop

The results presented thus far have supported the idea of a push-pull relationship between 

PL and IL in both fear and reward/drug seeking contexts (Gass and Chandler, 2013; Ma et 

al., 2014; Peters et al., 2009; Van den Oever et al., 2010). Although this model has been 

important in developing experiments to probe the function of the PFC in drug abuse and 

addiction, this go/stop dichotomy likely represents an overly simplistic framework. The 

prefrontal cortex is a massively complex collection of brain regions, all of which perform a 

wide variety of cognitive functions (Bissonette et al., 2013; Cassaday et al., 2014; Dalley et 

al., 2004; De Bruin et al., 2000; Kesner and Churchwell, 2011; Miller and Cohen, 2001; St 

Onge and Floresco, 2010). Consequently, there have been a growing number of studies that 

do not support a PL/IL dichotomy along the lines of behavioral expression/inhibition. 

Understanding the limits of this model is essential for a characterizing prefrontal function 

and has the potential to refine our ability to identify treatments for psychiatric disorders such 

as drug and alcohol abuse and addiction.

There are at least two lines of evidence rejecting the conceptualization that the PL plays a 

selective role in driving drug or reward seeking. First is evidence of an absence of seeking-

related function or evidence of a very selective, non-generalized role. Second is the growing 

evidence that PL activation actually plays an important role in suppressing reward and drug-

seeking behaviors in certain contexts.

Evidence that PL does not exclusively drive cocaine seeking

Evidence of a complex role for PL in cocaine seeking dates back at least to 1997 when it 

was observed that lesions of PL did not diminish and, in some cases enhanced, cocaine self-

administration (Weissenborn et al., 1997). PL lesions do not decrease acquisition of cocaine 

conditioned place-preference (Zavala et al., 2003). PL and BLA disconnection did not 

decrease maintenance of cocaine self-administration (Mashhoon et al., 2010). No increase in 
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zif268 was observed in PL following presentation of a cocaine-paired cue (Thomas et al., 

2003) and, in fact, a decrease in γ-PKC was seen (Thomas and Everitt, 2001). Intriguingly, 

PL glutamate projection neurons exhibited decreased Fos, whereas PL GABA neurons 

exhibited increased Fos during cocaine conditioned place preference testing (Miller and 

Marshall, 2004), underscoring the need to identify potential unique contributions of different 

phenotypes of prefrontal neurons influencing drug-seeking behavior, described in “Future 

directions”, below. During electrophysiological recording in self-administration paradigms, 

PL activity is less related to the execution of the lever press and more related to the 

associated cues: conditioned cues drive PL activity in the absence of levers (West et al., 

2014), and removal of the conditioned cue decreased PL activation (Rebec and Sun, 2005).

Evidence that PL does not play a general role in driving reward seeking

Interestingly, many of the early studies of PL function during drug self-administration failed 

to see a more general role of PL in reward-seeking. Inactivation or DA blockade in PL had 

no effect on lever pressing for sucrose or food (Capriles et al., 2003). Inactivation of PL also 

did not block food reinstatement (McFarland and Kalivas, 2001; McFarland et al., 2003). PL 

inactivation did not decrease sucrose seeking and actually enhanced conditioned heroin 

seeking (Schmidt et al., 2005). Food self-administration does not increase spines and 

dendritic bulbs in PL (Robinson et al., 2001), and Zif268 enhancement was not observed in 

PL resulting from sucrose reinstatement (Schmidt et al., 2005). Optogenetic inhibition of 

dorsal mPFC did not decrease food-induced reinstatement or food-reinforced food-seeking 

(Calu et al., 2013). In the absence of conflict, PL inactivation, either pharmacological 

(Willcocks and McNally, 2013) or optogenetic (Seif et al., 2013) did not reduce alcohol 

seeking. PL inactivation decreased learning, but not maintenance, of responding for a 

cocaine-paired conditioned reinforcer (Di Ciano et al., 2007).

Evidence that PL plays an active role in suppressing seeking of cocaine and other 
reinforcers

Perhaps more importantly than the absence of influence listed above are recent reports that 

PL in fact serves an inhibitory role in regulating drug- and reward-seeking behaviors. PL 

inhibition increases natural reward-seeking, both lever presses and well entries (Jonkman et 

al., 2009). PL inhibition increases unrewarded and non-specific lever-presses in a 

discriminative-stimulus sucrose-seeking task (Ishikawa et al., 2008a; Ishikawa et al., 2008b). 

Response inhibition training, but not immediate reward training enhanced excitability of PL 

neurons (Hayton et al., 2010; Hayton et al., 2011).

More recently, investigators have found a particularly important role for PL in inhibiting 

cocaine and sucrose seeking when restraint is the optimal behavior. Studies in which cocaine 

seeking was paired with a “stop signal” demonstrated that correct inhibition of seeking 

increased Fos in PL (Mihindou et al., 2013; Navailles et al., 2014), and that pharmacological 

inactivation of PL decreased the ability to inhibit cocaine seeking (Mihindou et al., 2013). 

Similarly, a recent report demonstrated the PL inhibition decreased the ability of cocaine- or 

sucrose-paired footshock to inhibit responding (Limpens et al., 2014). Optogenetic 

inhibition of the PL in high-frequency self-administering rats actually increased cocaine 

self-administration (Martin-Garcia et al., 2014). Finally, using a model of punishment-
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resistant cocaine seeking, Chen and colleagues found that optogenetic inhibition increased 

and stimulation decreased cocaine seeking respectively in punishment-resistant cocaine-

seeking rats (Chen et al., 2013), suggesting a role for PL in contextually-appropriate 

inhibition of drug seeking.

Outside of the context of self-administration, a number of studies have implicated dorsal 

mPFC (ACC and PL) in response inhibition as well. Inactivation/lesions of PL impair 

inhibitory control in stop-signal and waiting tasks (Bari et al., 2011; Broersen and Uylings, 

1999; Narayanan et al., 2006; Narayanan and Laubach, 2006; Risterucci et al., 2003), and 

dorsal mPFC neurons fire during waiting periods (Narayanan and Laubach, 2009). In 

contrast, ventral mPFC (IL) manipulations are largely without effect in the studies above 

(though see (Chudasama et al., 2003; Murphy et al., 2005; Murphy et al., 2012)). These 

results, combined with recent findings in cocaine seeking inhibition paradigms, indicate an 

important role for PL in response inhibition, perhaps in parallel with its role in response 

execution demonstrated in so many previous reports.

Thus, recent research challenges both the generality of the PL influence over drug or reward 

seeking and, in many cases, indicates that opposing roles may be played by this area. 

Exactly what determines which role is played when is unknown, and may relate to 

contextual behavioral influences and/or unique contributions of specific neuronal 

populations within the PL.

Evidence that IL plays a limited role in suppressing cocaine seeking

Along the same lines as findings that PL does not exclusively drive drug seeking, recent 

results have demonstrated that IL is not selectively/uniquely responsible for suppression of 

behavior. This has been observed in both cocaine-seeking studies as well as in those related 

to other drugs of abuse and natural rewards. For example, although PL-lesioned rats showed 

decreased reinstatement after abstinence, IL-lesioned rats also show a decrease in 

responding (Pelloux et al., 2013). Similarly, inactivation of IL decreased cocaine prime-

induced reinstatement (Vassoler et al., 2013). IL inactivation also decreased learning and 

maintenance of responding for a cocaine-paired conditioned reinforcer (Di Ciano et al., 

2007). Infusion of a serotonin 2C receptor antagonist in IL decreased cued and prime-

induced reinstatement of cocaine seeking (Pentkowski et al., 2010). Unlike PL, inhibition of 

IL did not decrease ability to inhibit cocaine seeking in a stop-signal drug-seeking paradigm, 

and Fos was not activated in IL, during cocaine seeking inhibition or extinction 

(McGlinchey et al., In Preparation; Mihindou et al., 2013), though it was observed in a 

second, but to a lesser degree than that observed for PL (Navailles et al., 2014). Inhibition 

with baclofen/muscimol in IL decreased pressing in a cue-induced reinstatement following 

30 days of incubation after cocaine self-administration, whereas IL activation with 

bicuculine/saclofen actually increased reinstatement pressing (Koya et al., 2009).

IL neurons are also engaged during cocaine seeking and reinstatement. IL ARC was 

increased during cue-induced reinstatement (Zavala et al., 2008). IL ERK is upregulated 

after 30 days of incubation followed by cue-induced reinstatement of cocaine seeking (Koya 

et al., 2009). IL Fos is increased in context-induced reinstatement (Hamlin et al., 2008), after 

cocaine conditioning (Franklin and Druhan, 2000b), and on last day of cocaine self-
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administration (Zavala et al., 2007) as well as on the first (Nic Dhonnchadha et al., 2012), 

but not last (Zavala et al., 2007) day of extinction. Similar to PL, high-frequency cocaine 

self-administration increased Fos in IL (Martin-Garcia et al., 2014). In two studies 

specifically characterizing the activity of PL and IL neurons during cocaine seeking, IL 

neurons demonstrated robust responses during both cocaine self-administration and 

reinstatement (Moorman and Aston-Jones, Submitted-b; West et al., 2014), whereas very 

few IL neurons were active after prolonged extinction (Moorman and Aston-Jones, 

Submitted-b).

Evidence that IL plays a role in driving seeking of other drugs of abuse and natural 
rewards

The lack of influence of IL on suppressing behavior has become strikingly clear outside the 

context of cocaine seeking where, in fact, IL actually drives heroin seeking. IL neurons are 

Fos-activated in context-induced heroin reinstatement and inactivation of IL decreases 

heroin reinstatement (Bossert et al., 2011; Bossert et al., 2012). Increased zif268 is observed 

in IL after cue-induced reinstatement of heroin seeking (Koya et al., 2006), and inactivation 

of IL decreased cue and heroin prime reinstatement of heroin seeking (Rogers et al., 2008), 

as did infusion of CB1 antagonists in IL (Alvarez-Jaimes et al., 2008). IL inactivation also 

decreases cue-induced but not methamphetamine prime-induced reinstatement (Rocha and 

Kalivas, 2010). IL Fos is increased for discriminative-stimulus induced reinstatement for 

alcohol (Dayas et al., 2007), and IL inactivation did not influence extinction for alcohol and 

actually slowed responses during extinction (Willcocks and McNally, 2013).

With respect to natural rewards, there appears to be no clear exclusively inhibitory role for 

IL neurons. IL inactivation decreases responding to the rewarded lever in a discriminative 

stimulus task (Ishikawa et al., 2008a). Blocking GluR2 endocytosis in IL does not decrease 

cue-induced sucrose seeking (Van den Oever et al., 2008). IL inactivation decreased food 

pellet seeking and had no effect on expression of extinction (Sangha et al., 2014). IL 

neurons are activated during reward seeking, though the pattern of activity differs from that 

observed in PL (Burgos-Robles et al., 2013; Moorman and Aston-Jones, Submitted-a). In 

contrast to PL, immediate reward training, but not response inhibition training, enhanced 

excitability of IL neurons in vitro (Hayton et al., 2010; Hayton et al., 2011).

Summary: Diverse roles for PL and IL in execution and inhibition of drug- and reward-
seeking

The results presented above clearly indicate that a basic dichotomy between execution and 

inhibition of behavior is not the optimal way to conceptualize the relative contributions of 

PL and IL to reward/drug seeking. This “Go/Stop” model (Gass and Chandler, 2013; Peters 

et al., 2009; Van den Oever et al., 2010) has been highly influential as a means to approach 

the question of what role these prefrontal regions play in expression and restraint of reward 

seeking. Recent results, however, both in the drug and natural reward contexts clearly 

indicate that more complex frameworks need to be considered. Although there are certainly 

elements of neural function related to driving and suppressing reward seeking, these 

functions do not appear to belong clearly to one prefrontal region or another. An additional 

factor that comes to bear on these functions is that of context. Thus, PL appears to play a 
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very different role in cocaine seeking during traditional self-administration and 

reinstatement paradigms (where it facilitates behavior) as opposed to during response-

conflict paradigms (where is suppresses behavior). Similarly, IL has repeatedly been shown 

to play a role in extinction of conditioned fear-predicting stimuli but plays an important role 

in driving heroin seeking. By using the Go/Stop model as a jumping-off point we are 

beginning to address advanced ways of considering the functions of these subregions in 

regulating behavior. In order to integrate these results with other lines of research, it is worth 

briefly considering other proposed models of differential PL/IL function that have been 

proposed outside the context of drug-seeking.

Alternate models of PL/IL dichotomous function

The mPFC has been demonstrated to play a role in a wide range of cognitive and behavioral 

functions including attention, learning and memory, response planning and inhibition, 

sequence representation, flexible behavior, and decision-making (Bissonette et al., 2013; 

Cassaday et al., 2014; Dalley et al., 2004; De Bruin et al., 2000; Kesner and Churchwell, 

2011; Miller and Cohen, 2001; St Onge and Floresco, 2010). Given the complexity and 

diversity of mPFC function, it is unsurprising that a number of hypotheses have been put 

forward to explain the divergent roles of mPFC subregions in all of these behaviors.

One conceptualization of a PL/IL dichotomy that has been demonstrated in multiple studies 

is the distinction between goal-directed vs. habitual behavior (Balleine and Dickinson, 1998; 

Corbit and Balleine, 2003; Coutureau and Killcross, 2003; Haddon and Killcross, 2007; 

Killcross and Coutureau, 2003; Smith et al., 2012; Smith and Graybiel, 2013). This 

hypothesis has been tested using a range of behavioral paradigms with some of the clearest 

effects being seen by devaluing a reward (using, e.g., satiation or illness) and assessing 

whether behavior persists (habitual) or degrades (goal-directed). In these cases, PL appears 

most influential during goal-directed behavior: PL neurons are activated and PL 

manipulation influences flexible behavior. As behaviors become more habitual (with, e.g., 

repetition), IL plays a more predominant role: PL neurons fire less frequently whereas IL 

neurons fire more, and although PL manipulations have less of an effect, IL inactivation can 

produce a return to goal-directed behavior. Data supporting this model has been collected 

from a number of labs using a variety of techniques, indicating that it may be a useful 

framework to apply to regulation of drug seeking, such as those described above. In many 

ways, the recent observation of the role of PL in context-guided suppression of drug-seeking 

(Chen et al., 2013; Mihindou et al., 2013), is well-aligned with this framework. However, 

the goal/habit model also likely suffers from the same problems of oversimplification as the 

go/stop model. Both hypothetical frameworks, although valuable for testing predictions, 

shoehorn diverse mPFC encoding into two basic dichotomous functions. As we note below, 

a more refined conceptualization of mPFC function, integrated with these models, is likely a 

valuable future direction.

Other investigators propose dividing mPFC along cognitive and emotional boundaries. A 

recent review proposed that dorsal mPFC (ACC) plays a more important role in attention 

whereas ventral mPFC (IL) influences executive function (Cassaday et al., 2014), although 

the authors suggest that a gradation of function across the dorsal-ventral axis may be more 
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appropriate conceptualization than absolute boundaries. Other proposed differences include 

dorsal mPFC encoding of actions or spatial locations vs. ventral mPFC encoding of 

emotional or autonomic responses (Euston et al., 2012). This conceptualization is based on a 

number of studies, including pharmacological (e.g., (Ashwell and Ito, 2014)), physiological 

(e.g., (Sul et al., 2010)) and anatomical (e.g., (Vertes, 2006)) investigations. Anatomically 

speaking, salient parallels have been drawn between dorsal mPFC in rodents and 

dorsolateral PFC in primates vs. ventral mPFC in rodents and ventral/orbital mPFC in 

primates (Vertes, 2006), which may facilitate additional parallels between human and 

primate prefrontal function.

Future directions

One perspective that seems to emerge from a consideration of studies investigating dorsal 

and ventral mPFC is that there is no simple functional demarcation that respects this 

anatomical boundary. In certain behavioral frameworks, notably fear conditioning and 

extinction, a basic dichotomy of response execution vs. inhibition appears consistent (Maren 

and Quirk, 2004; Quirk and Mueller, 2008). However, these boundaries quickly break down 

upon consideration of the function of these brain areas in further tasks. Future studies will 

need to disentangle the influence of multiple factors on PFC function. For example, there 

appears to be a difference in mPFC contributions to cocaine seeking after extinction vs. 

abstinence (Fuchs et al., 2006; Lasseter et al., 2010). Similarly, short- vs. long-access to 

cocaine, passive vs. active receipt of cocaine, extent of exposure, and whether seeking is 

challenged all have been shown to differentially engage mPFC function. These points 

underscore the fact that both PL and IL are highly heterogeneous areas that play diverse 

roles in many behaviors, and ascribing a unified function to such complex brain areas may 

be overly simplistic. In this regard, it is worth considering the results of neuronal recording 

studies during cocaine seeking. In almost all studies where PL or IL neurons have been 

recorded during cocaine self-administration, extinction, or reinstatement, neurons from the 

same region exhibit different response properties, (Moorman and Aston-Jones, Submitted-b; 

West et al., 2014). In many cases, this heterogeneous response profile can be seen from 

neuron populations recorded on the same electrode array in the same rat implanted in the 

same brain region (Figure 2). Thus, the idea that an entire area brain area, particularly one as 

diverse as the mPFC, should conform to an individual basic function seems untenable.

There is, however, almost certainly some degree of functional coherence within these 

complex neural systems. We are not purporting that every neuron performs a different 

function and that all of the mPFC plays any and every role in behavior. The major challenge 

going forward is to understand where, when and how specific functions are represented in 

these complex areas. One possibility might be an anatomical arrangement that has not yet 

been considered. A strong candidate for this new framework is afferent and efferent 

connectivity. Neurons in PL and IL also project to a wide variety of other brain regions 

involved in reward and drug seeking, as described above. For example, mPFC neurons 

activated during cue reinstatement of cocaine seeking do not project to VTA (Mahler and 

Aston-Jones, 2012), but instead project to other regions such as the ventral striatum 

(McGlinchey et al., In Preparation) (Figure 3). Optogenetic activation of mPFC projections 

to dorsal raphe nucleus promoted escape behavior in a forced swim test, whereas activation 
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of mPFC projections to lateral habenula inhibited escape behavior (Warden et al., 2012). 

These and other results indicate that some of the complexity surrounding the mPFC relates 

to distinct mPFC neuronal populations whose function varies with projection targets. 

Membership in these specific projection networks may circumscribe function, reflecting 

developmental schema and allowing an organized representation of multiple behaviors 

within a single brain region.

Similarly, afferent connectivity likely plays an important role in behavioral function. Inputs 

to mPFC subregions may be excitatory as in those from hippocampus or amygdala, for 

example, but may also be neuromodulatory. The mPFC receives strong catecholaminergic 

projections, for example, and the interplay between neuromodulatory systems represents 

another parameter that may influence functional relationship to behavior. Another 

surprisingly understudied framework to consider is that of within-region neuronal 

phenotype. Not only are there clear functional differences between pyramidal and 

GABAergic interneurons and their influence over cocaine-related behaviors (Miller and 

Marshall, 2004), but there are diverse subtypes of GABAergic and likely glutamatergic 

neurons in mPFC, each of which play different functions in sculpting behavior (Kvitsiani et 

al., 2013; Pi et al., 2013).

As a final point, we note that we have focused specifically on mPFC, mainly PL and IL 

cortex. This is with the knowledge that no brain area functions alone and that there is a large 

number of interconnected brain regions all of which perform critical roles in reward/drug 

seeking. Even within the frontal cortex, we did not discuss rodent cingulate or orbitofrontal 

cortices, both of which are rapidly becoming appreciated to play critical roles in elements of 

drug seeking and addiction (Lasseter et al., 2010; Lucantonio et al., 2012; Schoenbaum and 

Shaham, 2008). Future research will benefit from a network view where the interaction 

across brain regions is acknowledged to play an essential role in controlling reward seeking, 

drug abuse, and addiction. Taken together, it is becoming clear that reward seeking, seeking 

and taking of drugs of abuse, drug abuse, and addiction are subserved by populations of 

neurons – prefrontal and otherwise - that are anatomically and phenotypically diverse and 

are differentially interconnected to brain areas which are potentially equally diverse (Figure 

3). Dysfunction in any or multiple nodes in a broad, heterogeneous network may be 

responsible for the disease nature of compulsive drug use. As such, understanding reward- 

and drug-related behaviors in as broad a context as possible, while challenging, seems the 

most logical – and necessary – course of action in future research.
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Highlights

• The prefrontal cortex is important in regulating cognition and behavior

• It plays an important role in seeking and taking, extinction, and reinstatement of 

drugs and natural rewards

• Current theories of the relationship between rodent medial prefrontal cortex 

(mPFC) and behavior associate specific functions with specific subregions, e.g., 

dorsal mPFC plays a role in driving drug and reward seeking and ventral mPFC 

plays a role in inhibiting reward and drug seeking

• Recent results challenge this framework and suggest alternate 

conceptualizations of how mPFC relates to drug/reward seeking

• These results and alternate hypotheses connecting mPFC to drug and reward 

seeking are discussed as are important future directions necessary to develop a 

comprehensive understanding of the relationship between mPFC, reward 

seeking, and addiction
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Figure 1. 
Schematic summarizing the projections of PL and IL to reward-related regions. Note that 

although there is overlap in the targets of PL and IL fibers, in many cases the density of 

these projections differ greatly. For further information regarding the relative densities of PL 

versus IL inputs to cortical and subcortical regions, we direct the reader to several excellent 

papers (eg. Vertes, 2004, 2006; Heidbreder & Groenewegen, 2003). Coronal section adapted 

from (Paxinos and Watson, 1997) ACC, anterior cingulate cortex; BLA, basolateral 

amygdala; CeA, central amygdala; IL, infralimbic cortex; IMD, intermediodorsal thalamus; 

LC, locus coeruleus; LH; lateral hypothalamus; MD, mediodorsal thalamus; MO, medial 

orbital cortex; NA, nucleus accumbens; PAG, periaqueductal gray; PF, perifornical area of 

the hypothalamus; PH, posterior hypothalamus; PL, prelimbic cortex; PVT, paraventricular 

thalamus; SN, substantia nigra; VTA, ventral tegmental area.
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Figure 2. 
Example recordings from PL and IL neurons during cocaine self-administration. Each box 

shows the activity of all neurons recorded from a single array implanted in either PL (top) or 

IL (bottom) neurons. Each array was implanted in a different rat. Within each box, mean z-

scores (left) represent the average of all recorded neurons. Pseudocolor heat plots (right) 

show the average activity of each neuron. All figures are aligned on cocaine-reinforced lever 

press. The left two boxes show arrays in PL and IL from which neurons were recorded 

which were primarily excited at lever press. The right two boxes show arrays in PL and IL 

from which neurons were recorded which were primarily inhibited at lever press. This figure 

demonstrates two important details regarding the role of PL and IL neurons in cocaine 

seeking. First, both PL and IL neurons exhibit both excitatory and inhibitory responses 

during cocaine self-administration. Second, even within each array, neurons exhibit a variety 

of responses – some excited, some inhibited, and some nonresponsive – over a wide range of 

timeframes. These and other data argue against a selective encoding of cocaine seeking in 

either PL or IL but, instead, indicate that networks within both regions are likely involved 

(Moorman and Aston-Jones, Submitted-b).
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Figure 3. 
Progressive conceptualizations of mPFC differentiation. a) mPFC as a unified structure. b) 

Structural distinctions within the mPFC emerge, e.g., prelimbic (PL) and infralimbic (IL) 

cortices. c) Only specific neuronal ensembles within PL and IL based on their projection 

targets are necessary for particular behaviors, not the region as a whole. d) Data from our lab 

indicate that PL neurons projecting to nucleus accumbens core (NAcC), but not to nucleus 

accumbens shell (NAcSh) or ventral tegmental area (VTA), activate during cue-induced 

cocaine seeking (Mahler and Aston-Jones, 2012; McGlinchey et al., In Preparation).

Moorman et al. Page 32

Brain Res. Author manuscript; available in PMC 2016 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


