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Distinctions along the dorsal-ventral axis of medial prefrontal cortex (mPFC), between

anterior cingulate (AC), prelimbic (PL), and infralimbic (IL) sub-regions, have been proposed

on a variety of neuroanatomical and neurophysiological grounds. Conventional lesion

approaches (as well as some electrophysiological studies) have shown that these

distinctions relate to function in that a number behavioral dissociations have been

demonstrated, particularly using rodent models of attention, learning, and memory. For

example, there is evidence to suggest that AC has a relatively greater role in attention,

whereas IL is more involved in executive function. However, the well-established methods

of behavioral neuroscience have the limitation that neuromodulation is not addressed.

The neurotoxin 6-hydroxydopamine has been used to deplete dopamine (DA) in mPFC

sub-regions, but these lesions are not selective anatomically and noradrenalin is typically

also depleted. Microinfusion of drugs through indwelling cannulae provides an alternative

approach, to address the role of neuromodulation and moreover that of specific receptor

subtypes within mPFC sub-regions, but the effects of such treatments cannot be assumed

to be anatomically restricted either. New methodological approaches to the functional

delineation of the role of mPFC in attention, learning and memory will also be considered.

Taken in isolation, the conventional lesion methods which have been a first line of

approach may suggest that a particular mPFC sub-region is not necessary for a particular

aspect of function. However, this does not exclude a neuromodulatory role and more

neuropsychopharmacological approaches are needed to explain some of the apparent

inconsistencies in the results.

Keywords: attention, associative leaning, object recognition memory, anterior cingulate, prelimbic, infralimbic,

dopamine

INTRODUCTION

The interconnectivity of medial prefrontal cortex (mPFC) and

hippocampus is well-established (Gabbott et al., 2005) and

although there are differences between rat and primate mPFC a

number of functional homologies have been documented. Indeed

data from rat models has confirmed the importance of functional

interactions between hippocampus and mPFC (Aggleton et al.,

1995; Chudasama et al., 2004; Vertes, 2006; Ragozzino, 2007;

Bizon et al., 2012). The signature effect of mPFC lesions is gen-

erally viewed as one of cognitive inflexibility (Ragozzino, 2007),

in particular when animals need to respond adaptively based

on changed reinforcement contingencies (de Bruin et al., 1994;

Aggleton et al., 1995; Bussey et al., 1997; Ragozzino et al., 1999;

Birrell and Brown, 2000; Killcross and Coutureau, 2003). Such

deficits in executive function tend to manifest as perseverative

behavior—animals continue to respond according to previously

acquired contingencies. Importantly, the delineation of the role of

mPFC in executive function has high translational relevance given

that mPFC dysfunction results in neuropsychiatric dysfunctions

such as schizophrenia (Andreasen et al., 1992; Barch et al., 2001;

Spieker et al., 2012).

However, the mPFC is not a uniform entity. Evidence from

neuroanatomical studies, including cytoarchitectonics, suggests

a distinct heterogeneity to the structure comprising sub-regions

such as anterior cingulate cortex (AC) as well as the prelimbic

(PL) and infralimbic (IL) cortices. These sub-regions are also

distinguishable on the basis of their differing patterns of inter-

connectivity (Fisk and Wyss, 1999; Heidbreder and Groenewegen,

2003; Vertes, 2004). Thus, hodologically, there are good grounds

to expect that the mPFC sub-regions should be dissociable in

relation to distinct aspects of cognitive function (Kesner and

Churchwell, 2011).

The higher order executive functions which support com-

plex goal-directed behaviors have been an understandable focus

of studies of mPFC function (Kesner and Churchwell, 2011;

Bissonette et al., 2013). At the same time, there is an appre-

ciation of the need to understand executive functions such as

working memory and cognitive flexibility in terms of a “toolbox”
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of underlying mechanisms (Bizon et al., 2012). The successful

dissociation of these mechanisms is likely to require consider-

ation of the functional heterogenity of mPFC as well as the

adoption of behavioral tests suitable to tap component pro-

cesses. Indeed, behavioral dissociations have been demonstrated,

particularly with respect to the distinction between AC, PL,

and IL, predominantly using tasks which tax attention, learn-

ing and/or memory. However, until recently, the majority of

studies have employed mechanical, electrolytic or excitotoxic

lesions to explore these functional subdivisions (Heidbreder and

Groenewegen, 2003). Whilst reinforcing the role of intercon-

nected structures within functional brain circuits, the neuropsy-

chological evidence obtained by studying the effects of lesions

which damage fibers and/or cell bodies indiscriminately does not

speak to the role of specific neurotransmitter systems in modulat-

ing function. Similarly, whilst they provide an important advance

to distinguish effects on encoding vs. retrieval, reversible inacti-

vation studies do not specifically address the role of DA function

and the border of the temporary lesion is typically ill-defined

(Ragozzino, 2007). And, whilst providing important information

about functional dissociations between sub-regions with excel-

lent anatomical resolution, the majority of electrophysiological

studies do not speak to the role of particular neurotransmitters

either.

Evidence from psychopharmacological studies is necessary

in order to develop neuropsychopharmacological theories as

to the function of mPFC and interconnected brain structures.

Dopamine (DA) is a likely neuromodulator of mPFC function

in that the region is richly innervated by DA fibers originating

in the ventral tegemental area (Lindvall et al., 1974). Consistent

with this proposition, the modulation of DA functioning within

mPFC has been shown to play an important role in regulat-

ing learning and memory, as well as other cognitive functions

(Goldman-Rakic, 1998; Robbins, 2000; Robbins and Roberts,

2007).

Microinfusion studies too are not without their limita-

tions. Although they provide a workable method to activate or

inactivate particular receptor subtypes within brain regions of

interest, their anatomical resolution is less precise and rarely

verified. Indeed, studies microinjecting agents selective for dif-

ferent DA receptor subtypes have typically targeted mPFC as an

entity rather than attempting any systematic comparison between

mPFC sub-regions (Ragozzino, 2002; Floresco et al., 2006b).

For the purposes of the present review, four tasks which have

been systematically examined in relation to their dependence on

mPFC sub-regions will be considered in some detail, particu-

larly in relation to the available evidence pertaining to the role

of DA. The serial reaction time task measures early attentional

processing and a key role for mPFC has been established using

excitotoxic lesion approaches (Passetti et al., 2002; Pezze et al.,

2009). Studies using excitotoxic lesions have also been conducted

to examine the role of mPFC in latent inhibition (Lacroix et al.,

1998, 2000b; Schiller and Weiner, 2004; George et al., 2010).

Earlier studies of trace conditioning used aspiration (Kronforst-

Collins and Disterhoft, 1998; Weible et al., 2000) and electrolytic

lesions (McLaughlin et al., 2002; Runyan et al., 2004), both of

which methods also destroy fibers of passage. However, the role of

mPFC has since been confirmed by a variety of other approaches

including excitotoxic lesions (Table 1).

Both latent inhibition and trace conditioning are simple

Pavlovian conditioning procedures in which the associability of

the conditioning cue is manipulated, by stimulus pre-exposure in

the case of latent inhibition or by the introduction of a time inter-

val after cue offset in the case of trace conditioning. There are a

variety of theoretical interpretations of latent inhibition, some of

which are attentional, but its psychological mechanisms are still

disputed (Lubow and Weiner, 2010). Trace conditioning similarly

results in reduced stimulus associability but has been argued to

tap working memory because of the need to bridge the time gap

introduced by the trace interval (Sweatt, 2004). Similarly, there is

good evidence that mPFC is involved in recognition memory as

measured by tasks exploiting rats’ preferences to explore novelty

as presented by previously unseen objects, less recently encoun-

tered objects, or familiar objects in novel locations. Some such

studies have been driven by the theoretical views on the function

of mPFC, some by the known effects of hippocampal lesions on

working memory. However, the role of different neuromodulators

within these mPFC sub-regions is still poorly understood.

The present review will therefore address the functional dis-

tinction between AC, PL, and IL mPFC sub-regions with respect

to the mechanisms of attention, learning, and memory. Table 1

summarizes the behavioral effects associated with changes in

neuronal activity in AC, PL, and IL mPFC sub-regions in tasks

measuring serial reaction time, latent inhibition, trace condi-

tioning and object recognition, as well as some related tests of

learning and memory (for which the effects of similar interven-

tions in different mPFC sub-regions have been examined). The

advantages and disadvantages of the available neurophamacolog-

ical techniques—for example in neurotoxic lesion, microinfusion

and pharmacogenetic studies—to establish the role of DA will

also be considered.

EARLY ATTENTION: THE SERIAL REACTION TIME TASK

In rodents, the five choice serial reaction time task (5-CSRT) test,

which resembles the human continuous performance test, is a

commonly used test of attention (Robbins, 2002; Chudasama and

Robbins, 2006; Lustig et al., 2013). In this task rodents are trained

to detect a brief visual target presented randomly in one out of

an array of five apertures in order to obtain food rewards. The

proportion of nose pokes into the correct aperture, as opposed to

incorrect apertures, provides a measure of attention. Other mea-

sures such as correct response latency (for example) may also

reflect attentional deficits; whereas magazine latency to collect

food reward provides useful information about levels of activ-

ity or motivation. Additionally, this task indexes response control

or behavioral inhibition, as reflected in the number of premature

responses (when the animal responds before the presentation of

the light) and perseverative responses (when the animal carries on

nose poking in the same aperture after a correct or an incorrect

response).

EXCITOTOXIC mPFC LESIONS IMPAIR 5-CSRT PERFORMANCE

The effects of excitotoxic mPFC lesions have been particularly

well-characterized using the 5-CSRT. For example, it has been
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Table 1 | The behavioral effects associated with changes in neuronal activity in anterior cingulate (AC), prelimbic (PL), and infralimbic (IL)

sub-regions of medial prefrontal cortex (mPFC) in tasks measuring serial reaction time, latent inhibition, trace conditioning and object

recognition, as well as related benchmark tests of learning and memory (for which the effects of similar interventions in different mPFC

sub-regions have been examined).

Behavioral test Lesion, drug, neuronal

activity

mPFC sub-region

AC PL IL

Serial reaction time Excitotoxic lesion Reduced accuracy, increased

latencies to collect reward,

increased omissions (Passetti

et al., 2002; note lesion

centered on Cg1)

Reduced accuracy and

decreased impulsive

responding (Chudasama

et al., 2003, 2012; note lesion

included PL and IL)

Increased perseverative

responding, transient effect

on accuracy (Passetti et al.,

2002; note lesion included PL

and IL)

Reduced accuracy, slower

response latencies, increased

omissions and premature

responses (Pezze et al., 2009;

note lesion included PL

and IL)

Increased perseverative

responding, transient effect

on accuracy (Passetti et al.,

2002; note lesion included PL

and IL)

Increased impulsive

responding (Chudasama

et al., 2003, 2012)

Single unit recording Neuronal responses higher

when accurately responding

to cue, lower before an

incorrect response and

increased after an incorrect

response (Totah et al., 2009)

Neuronal responses higher

when accurately responding

to cue, lower before an

incorrect response, but no

significant change after an

incorrect response (Totah

et al., 2009)

Reversible inactivation Lower dose muscimol

increased premature

responding (Paine et al., 2011;

note injection coordinates

included IL)

Higher dose muscimol

decreased accuracy and

impulsive responding (Pezze

et al., 2014) and increased

omissions (Murphy et al.,

2012; Pezze et al., 2014)

Muscimol increased the

number of premature

responses (Murphy et al.,

2012)

Disinhibition SRB95531 decreased

accuracy and increased

omissions (Pehrson et al.,

2013)

Bicuculine decreased

accuracy, increased

omissions and increased

latencies to collect rewards

(Paine et al., 2011; note

bicuculine likely spread to IL)

Picrotoxin decreased

accuracy and increased

omissions (Pezze et al., 2014)

Bicuculine blocked the

increase in premature

responding otherwise caused

by CPP (Murphy et al., 2012)

Micro-injection of NMDA

antagonist

MK801 increased omissions

(Pehrson et al., 2013)

CPP increased the number of

premature responses

(Murphy et al., 2012)

Reinforced responding in

the Skinner box

Excitotoxic lesions No effect (Risterucci et al.,

2003)

Increased premature

responding and disrupted the

distribution of preparatory

responding during the

intervals between cues

(Risterucci et al., 2003)

Increased premature

responding and disrupted the

distribution of preparatory

responding during the

intervals between cues

(Risterucci et al., 2003)

(Continued)
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Table 1 | Continued

Behavioral test Lesion, drug, neuronal

activity

mPFC sub-region

AC PL IL

Reinforced responding in

the Skinner box

(Continued)

Single neuron recording Fast transient responses to

sucrose delivery

(Burgos-Robles et al., 2013)

Delayed prolonged responses

to sucrose delivery

(Burgos-Robles et al., 2013)

Reversible inactivation Muscimol without effect on

collection of earned sucrose

rewards (Burgos-Robles

et al., 2013)

Muscimol delayed collection

of earned sucrose rewards

(Burgos-Robles et al., 2013)

Pre-pulse inhibition Excitotoxic lesion No effect (Lacroix et al., 1998;

note lesion included AC

and IL)

Increased by larger lesions

(Lacroix et al., 2000b; note

lesion included AC and IL)

No effect (Sullivan and

Gratton, 2002; note lesion

encroached on PL)

Micro-injection of D1

antagonist

Impaired (Ellenbroek et al.,

1996; note injection

coordinates included IL)

Impaired (Shoemaker et al.,

2005)

Impaired (Shoemaker et al.,

2005)

Latent inhibition Electrolytic lesion No effect (Joel et al., 1997) No effect (Joel et al., 1997;

note lesion included AC and

IL)

No effect (Joel et al., 1997)

Excitotoxic lesion No effect (Lacroix et al., 1998,

2000b; Schiller and Weiner,

2004; note lesions centered

on PL, encroached on IL

and/or AC)

No effect (George et al., 2010)

Enhanced (George et al.,

2010)

6-OHDA lesion Enhanced (Nelson et al.,

2010)

No effect (Nelson et al., 2010)

Trace conditioning Aspiration lesion Impaired acquisition

(Kronforst-Collins and

Disterhoft, 1998; Weible

et al., 2000)

Electrolytic lesion Impaired acquisition but only

at longer CS duration

(McLaughlin et al., 2002)

Erk inhibition Impaired retention but not

acquisition (Runyan et al.,

2004)

Single neuron recording Attentional responses to CSs

(Weible et al., 2003; Hattori

et al., 2014)

Increased activity to the trace

conditioned CS, including

within the trace interval

(Gilmartin and McEchron,

2005)

Persistent activity within the

trace interval during retention

tests (Hattori et al., 2014)

Decreased activity to the

trace conditioned CS, no

change in trace interval

activity (Gilmartin and

McEchron, 2005)

(Continued)
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Table 1 | Continued

Behavioral test Lesion, drug, neuronal

activity

mPFC sub-region

AC PL IL

Trace conditioning

(Continued)

Reversible inactivation Impaired acquisition

(Kalmbach et al., 2009; note

“caudal” placement included

PL)

Excitotoxic lesion c-fos

expression

Impaired by lesion and

associated with increased

neuronal activity in Cg1 but

not Cg2 (Han et al., 2003)

Excitotoxic lesion Impaired by

immediate-post-training

lesions (Oswald et al., 2010)

Impaired by

1-week-post-training lesions

(Oswald et al., 2008, 2010)

Fear conditioning Microstimulation No effect on the expression

or extinction of conditioned

fear (Vidal-Gonzalez et al.,

2006)

Increased the expression of

conditioned fear and

prevented extinction

(Vidal-Gonzalez et al., 2006)

Decreased the expression of

conditioned fear and

facilitated extinction

(Vidal-Gonzalez et al., 2006)

Single neuron recording Decreased activity during

extinction and extinction

memory in male rats;

females showed increased

activity during extinction

(Fenton et al., 2014)

Increased activity during

extinction and extinction

memory (no sex difference;

Fenton et al., 2014)

Reversible inactivation Muscimol impaired fear

expression, but had no effect

on extinction memory

(Sierra-Mercado et al., 2011)

Muscimol had no effect of

fear expression, but impaired

extinction memory

(Sierra-Mercado et al., 2011)

Object

recognition—identity

Excitotoxic lesion No effect (Ennaceur et al.,

1997)

No effect (Ennaceur et al.,

1997; Barker et al., 2007)

Reversible inactivation No effect (Hannesson et al.,

2004a)

6-OHDA lesion No effect (Nelson et al.,

2011a)

No effect (Nelson et al.,

2011a)

Object

recognition—recency

Excitotoxic lesion Impaired (Barker et al., 2007;

note lesion encroached on IL)

Reversible inactivation Impaired (Hannesson et al.,

2004a)

6-OHDA lesion Impaired (Nelson et al.,

2011a; note PL lesion

anatomically selective)

Impaired (Nelson et al.,

2011a; note IL lesion

encroached on PL)

Single neuron recording Increased activity when in

location of a “missing” object

at 6 h or 30 day delay (Weible

et al., 2012)

Object

recognition—location

Excitotoxic lesion No effect unless lesion

extended to include

retrosplenial cortex (Ennaceur

et al., 1997)

No effect (Ennaceur et al.,

1997; Barker et al., 2007)

(Continued)
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Table 1 | Continued

Behavioral test Lesion, drug, neuronal

activity

mPFC sub-region

AC PL IL

Object recognition—

location (Continued)

6-OHDA lesion No effect (Nelson et al.,

2011a)

Impaired (Nelson et al.,

2011a)

Spatial recognition

memory

Reversible inactivation No effect on spatial

recognition memory,

impaired spatial temporal

order memory (Hannesson

et al., 2004b)

Spatial memory Reversible inactivation Impaired working memory in

radial arm maze (Seamans

et al., 1995)

Impaired reference memory

(Seamans et al., 1995)

Micro-injection of D1

antagonist

Disrupted performance if

30 min delay between

training and test (Seamans

et al., 1998)

Electrolytic lesions No effect on non-matching to

position (Joel et al., 1997)

Some transient impairment in

non-matching to position but

more marked impairment in

rule reversal (Joel et al., 1997;

note lesion extended to AC)

shown that complete mPFC lesions impair choice accuracy and

increase both omissions and perseverative responses, as well as

latency to respond correctly (Passetti et al., 2002; Pezze et al.,

2009). More discrete lesions have helped to clarify the contribu-

tion of specific mPFC sub-regions. Indeed, Passetti et al. (2002)

also compared the effects of complete mPFC excitotoxic lesions

with those of AC and more ventral PL plus IL mPFC lesions.

When more restricted lesions were employed, those with the AC

placements resulted in reduced accuracy in the absence of any

effect on perseverative responding, although there was some tran-

sient increase in the number of omissions (Passetti et al., 2002). In

contrast, animals with complete mPFC lesions showed impaired

accuracy combined with increased perseverative responding in

the absence of any significant change in omissions or latencies

(Passetti et al., 2002).

In a later study from the same laboratory, excitotoxic lesions

using the same mPFC coordinates as those used by Passetti

et al. (2002), reduced accuracy was seen in conjunction with

slower response latencies, increased omissions and premature

responses (Pezze et al., 2009). It has also been shown that whilst

both combined lesions of AC and PL (Chudasama et al., 2003;

Chudasama and Robbins, 2006) and lesions restricted to AC

(Passetti et al., 2002) impair attentional performance measured

as accuracy, lesions restricted to IL increase impulsive responding

(Chudasama et al., 2003, 2012).

TEMPORARY INACTIVATION OF mPFC IMPAIRS 5-CSRT PERFORMANCE

Complementary to the study of permanent excitotoxic lesions,

temporary inactivation studies have also helped to clarify the

differential engagement of mPFC sub-regions in attention and

response control. Paine and co-workers reported that low doses

of muscimol (6.25 to 50 ng/side), a GABA(A) receptor agonist,

selectively increased premature responding when infused into the

PL plus IL mPFC without affecting accuracy (Paine et al., 2011).

In contrast, a high dose of muscimol (500 ng/side) decreased

response accuracy and increased the percentage of omissions

reflecting an attentional deficit when infused into the PL or IL

(Murphy et al., 2012). Increased reward-collection latency how-

ever indicated that the high dose may have caused motivational

impairments. Lower doses of muscimol (62.5 to 250 ng/side) in

this case injected into PL have since been found to decrease atten-

tional performance without causing nonspecific impairments in

reward-collection latency, consistent with the importance of PL

mPFC in attention (Pezze et al., 2014). Moreover, also consis-

tent with the results of the excitotoxic lesion studies reported

above, infusion of the N-methyl-D-aspartate (NMDA) receptor

antagonist MK801 into the AC selectively impaired attentional

parameters of performance (Pehrson et al., 2013). Further con-

firming the role of IL mPFC in impulsivity, both the NMDA

receptor antagonist CPP and muscimol increased the number of

premature responses when infused into the IL (Murphy et al.,

2012).

DISINHIBITION IN mPFC IMPAIRS 5-CSRT PERFORMANCE

Disinhibition of mPFC may also cause selective attentional

deficits. When infused into the PL/IL, the GABA(A) receptor

antagonist bicuculine (25 ng/side) impaired attentional perfor-

mance and induced motivational disturbances (Paine et al., 2011).

Similarly infusion of picrotoxin, also a GABA(A) receptor antag-

onist, into PL mPFC results in attentional deficits in the absence
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of non-specific impairments (Pezze et al., 2014). Yet another

GABA(A) receptor antagonist SRB95531 also selectively reduced

attentional aspects of performance after AC infusion (Pehrson

et al., 2013). On the other hand when infused in IL the GABA(A)

receptor antagonist bicuculine blocked the increase in premature

responding otherwise caused by the NMDA receptor antagonist

CPP (Murphy et al., 2012). These data converge in suggesting that

while the more dorsal parts of the mPFC (AC plus PL) may drive

attentional functions, the IL region rather controls inhibitory

behavior.

ELECTROPHYSIOLOGICAL CORRELATES OF 5-CSRT PERFORMANCE

This dissociation based on attentional vs. inhibitory behaviors has

been further confirmed by electrophysiological studies of the dif-

ferential involvement of mPFC sub-regions, in this case in the

ability to allocate preparatory attention to improve subsequent

stimulus processing and response selection. Totah and co-workers

have used single unit recording in a three choice serial reaction

time task to show that levels of activity in both PL and AC are

related to preparatory attention in the period before the presen-

tation of the light cue (Totah et al., 2009). In this study, neuronal

responses were higher when the rat was accurately responding to

the cue, lower before an incorrect response and not different from

baseline before an omission. The authors suggested that both PL

and AC may be involved in signaling reward expectation of the

upcoming goal-relevant stimuli. However, in contrast to the neu-

ral activity in PL, neural activity in the AC increased after an

incorrect response, suggesting that this structure also codes for

error related events.

DA MODULATES 5-CSRT PERFORMANCE

Consistent with the importance of DA as a modulator of early

attentional processes, a history of amphetamine exposure also

appears to alter performance on the 5-CSRT test. For example,

rats which have been trained to self-administer amphetamine

showed a transient deficit in attention reflected by decreased accu-

racy and increased omissions when tested on the 5-CSRT (Dalley

et al., 2005). More recently, it has been reported that repeated

and intermittent exposure to escalating doses of amphetamine in

rats increased the number of omissions during the amphetamine

treatment or the withdrawal phase (Fletcher et al., 2007). When

the attentional load of the task was increased by shortening

the stimulus duration, the level of accurate responding was also

decreased in amphetamine pre-treated rats. The similarity of the

impairments to those caused by lesion of the dorsal mPFC sug-

gested that the effect of amphetamine treatment on attention may

have been mediated by the dorsal mPFC.

A few more anatomically specific neurochemical stud-

ies have investigated the role of DA release in the mPFC

in attention and/or response control (Robbins, 2002). Using

post-mortem neurochemistry a positive correlation between 3,4-

dihydroxyphenylacetic acid (DOPAC)/DA ratio and choice accu-

racy was observed in the right hemisphere (Puumala and Sirvio,

1998). In freely moving rats, in vivo microdialysis has confirmed

increased extracellular levels of DA in the PL and IL sub-regions

of animals performing a simplified one choice version of the task

(Dalley et al., 2002b). In the same study, it was demonstrated

that increased DA levels in the mPFC of rats treated with an

amphetamine challenge paralleled increased numbers of prema-

ture responses; and post-mortem neurochemistry revealed that

impulsive rats had a higher level of DA turnover in both PL and IL

sub-regions of the mPFC (Dalley et al., 2002a). Thus, these neu-

rochemical studies point to the conclusion that whilst attention

clearly requires DA in the mPFC, too much may trigger impulsive

responding.

While profound catecholamine depletions of the mPFC did

not alter baseline performance on the 5-CSRT, deficits emerged

when the rats were behaviorally challenged. For example, the

introduction of a variable inter-trial-interval (ITI) to make the

target stimulus less predictable induced a deficit in accuracy in

rats with 6-OHDA lesion of the mPFC (Robbins et al., 1998;

Robbins, 2002). Moreover, microinfusion studies have confirmed

the importance of DA D1 receptor transmission, in attentional

processes in particular (Dalley et al., 2004; Boulougouris and

Tsaltas, 2008). Granon and co-workers showed an enhancement

in attentional processes after infusion into PL mPFC of the

DA D1 receptor agonist SKF38393, though only at low levels

of attentional performance (Granon et al., 2000). This effect

was subsequently replicated using a more selective D1 recep-

tor agonist SKF81297, in a variation of the task in which rats

were trained to detect a visual target and then to remember

the location of this visual stimulus (Chudasama and Robbins,

2004). Moreover, the decline in accurate responding and the

increase in omissions induced by amphetamine withdrawal could

be prevented by infusion of the D1 receptor agonist SKF38393

into the PL mPFC (Fletcher et al., 2007). In contrast, the D1

receptor antagonist SCH23390 impaired the accuracy of atten-

tional performance in rats that performed at high baseline levels

(Granon et al., 2000). This set of data may reflect an inverted

U-shaped function relating attentional processes to DA-receptor

stimulation in the mPFC. Similarly, working memory (Sawaguchi

and Goldman-Rakic, 1991; Williams and Goldman-Rakic, 1995;

Goldman-Rakic, 1995; Zahrt et al., 1997) and the expression of

conditioned fear (Pezze et al., 2003) have also been suggested

to require an optimal level of prefrontal dopamine-receptor

stimulation.

5-CSRT CONCLUSIONS

Thus, neurochemical evidence converges to suggest that mPFC

DA is involved in early attentional processes, as well as in response

inhibition (see Executive Functions in mPFC below). In common

with other functions mediated in mPFC, as well as the more

established interconnectivity with hippocampus (Gabbott et al.,

2005), there is evidence pointing to the importance of its inter-

connections with other brain regions such as NAc (Pezze et al.,

2007, 2009). For example, the attentional dysfunction demon-

strated in the serial reaction time task after mPFC lesions was

ameliorated by treatment with the DA D2 antagonist sulpiride

administered intra-NAc (Pezze et al., 2009). This finding points

to the importance of neuromodulation, specifically by DA D2

receptors within NAc. However, to date these studies have not

distinguished PL vs. IL mPFC sub-regions, nor the core vs. shell

NAc sub-regions with which they are differentially interconnected

(Figure 1).
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FIGURE 1 | The connections of rat medial prefrontal cortex (mPFC) sub-regions with other key brain regions; based on Heidbreder and Groenewegen

(2003). The different arrow line formats (use of dashed and gray lines) denote connections to (and from) different target structures.

Effective early attention or vigilance of the kind measured

by the 5-CSRT is necessary but not sufficient for the efficient

functioning of subsequent learning and memory processes. For

example, early attention is a likely modulator of associability or

animals’ capacity to learn about environmental cues. However,

this subsequent capacity is not directly assessed in the 5-CSRT.

ATTENTIONAL LEARNING: LATENT INHIBITION

Effects on associability or later learning are measured in latent

inhibition procedures. Latent inhibition is the reduction in

later learning which will normally result from pre-exposure

to the designated conditioning cue (conditioned stimulus, CS)

without any initial consequences, at least in the first instance
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(Lubow and Moore, 1959). The reduction in later learning is

demonstrated when the pre-exposed CS subsequently comes to

predict an outcome (unconditioned stimulus, US). In attentional

terms, such a pre-exposed cue can be seen to be irrelevant.

Consistent with a likely role for mPFC in latent inhibition, NAc

and other interconnected regions such as entorhinal cortex, hip-

pocampus, orbitofrontal cortex and basolateral amygdala (BLA),

are known to modulate the expression of latent inhibition (Honey

and Good, 1993; Tai et al., 1995; Coutureau et al., 1999; Schiller

and Weiner, 2004; Gal et al., 2005). Consequently, a number of

studies have been conducted to examine the role of mPFC in

latent inhibition.

EXCITOTOXIC mPFC LESIONS CAN ENHANCE LATENT INHIBITION

Contrary to expectation, a number of studies examining the

effects of electrolytic lesions to the mPFC and its sub-regions as

well as excitotoxic lesions (typically spanning two to three mPFC

sub-regions) reported no effect on latent inhibition (Joel et al.,

1997; Lacroix et al., 1998, 2000b; Schiller and Weiner, 2004). More

restricted lesions have also been reported to be without effect (Joel

et al., 1997).

However, a number of neuromodulatory effects are known to

depend on the strength of the behavioral effect under examina-

tion in that ceiling or floor effects can preclude the demonstration

of enhanced or impaired performance, respectively. This has cer-

tainly proven to be an important consideration in studies of latent

inhibition. For example, whilst abolition of latent inhibition is

most readily demonstrated when the effect is clear in the control

group, the demonstration of potentiated latent inhibition may

require a weakened level of latent inhibition in the control group.

Weakened latent inhibition is produced experimentally either by

using a low number of stimulus pre-exposures or a high num-

ber of conditioning trials (Weiner and Arad, 2009). Indeed, such

parametric manipulations have been found to be critical to the

demonstration of the effects of lesions in BLA or core NAc and

which do not disrupt latent inhibition under conditions which

reliably produce latent inhibition in control (in this case sham-

operated) animals, but which enhance latent inhibition under

behavioral conditions known to be insufficient to produce latent

inhibition in controls (Gal et al., 2005; Schiller and Weiner, 2005).

In one previous study which similarly examined the effects of

lesions to mPFC under conditions which did not produce latent

inhibition in controls (in this case using a high number of condi-

tioning trials), still no effects of mPFC lesions were demonstrated

(Schiller and Weiner, 2004).

The functional heterogeneity of mPFC also needs to be taken

into account and lesions restricted to IL mPFC have more recently

been reported to potentiate latent inhibition (George et al., 2010).

This study used 30 stimulus pre-exposures in a within-subject

aversive on-the-baseline procedure, under which experimental

conditions enhanced latent inhibition was demonstrated in a

group with excitotoxic lesions restricted to IL mPFC but not

PL mPFC. Since the demonstration of the potentiating effects

of IL mPFC lesions did not in this case require the use of any

experimental manipulation to weaken latent inhibition, the on-

the-baseline procedure used by George et al may be particularly

sensitive to small variations in the magnitude of latent inhibition.

The previous study which reported no effect of IL lesions used the

standard off-the-baseline procedure (Joel et al., 1997).

There has been little further investigation—using experimen-

tal parameters that do result in latent inhibition in untreated

animals—of the involvement of the PL and IL mPFC sub-regions

in relation to the expression of latent inhibition. However, with

respect to sub-region there is evidence that the critical IL vs.

PL lesion site to produce this effect depends on whether the

lesion is made excitotoxically (Schiller and Weiner, 2004; George

et al., 2010) or using more neurochemically selective neurotoxins

(Nelson et al., 2010).

DA AND LATENT INHIBITION

The abolition of latent inhibition after treatment with systemic

amphetamine has been demonstrated many times (Weiner et al.,

1981, 1984, 1988; Weiner, 1990, 2003; Weiner and Arad, 2009)

and this effect of amphetamine has been one of the key argu-

ments used to support the use of latent inhibition as a behavioral

marker for schizophrenia (Weiner, 1990, 2003; Weiner and Arad,

2009). Unsurprisingly therefore, further studies have gone on to

examine the role of mPFC DA. When 6-OHDA was used to lesion

DA terminals within PL vs. IL mPFC, it was the injection in

PL which lead to the emergence of latent inhibition under weak

pre-exposure conditions insufficient to produce latent inhibition

in controls (Nelson et al., 2010). These results are contrary to

those reported with excitotoxic lesions made with ibotenic acid,

in that in this case the effective lesion was the ventral place-

ment corresponding with IL mPFC (George et al., 2010). The

fact that opposing patterns of outcome have been demonstrated

depending on whether the lesion method has greater or lesser

neurochemical selectivity clearly points to the importance of neu-

romodulation by DA within PL vs. IL mPFC. This would be

consistent with other evidence that DA within mPFC modulates

cognitive control (Goldman-Rakic, 1998; Robbins, 2000; Robbins

and Roberts, 2007). However, 6-OHDA lesions are not selec-

tive to DA and typically also deplete noradrenalin (NA; see also

Methodological Considerations below).

On balance the available evidence point to the importance

of mPFC sub-region, selectivity of the lesioning method to cat-

echolamines and the level of latent inhibition generated by the

behavioral parameters in use. For example, the results obtained

with 6-OHDA IL lesions, which in fact depleted DA in both the IL

and PL and were without effect on latent inhibition (Nelson et al.,

2010), can be seen as consistent with the earlier reported finding

that larger electrolytic or excitotoxic mPFC lesions do not affect

latent inhibition (Joel et al., 1997; Lacroix et al., 1998, 2000b;

Schiller and Weiner, 2004). Such dissociable effects of anatom-

ically complete vs. partial mPFC lesions mirror the observation

that total (shell plus core) and sub-regionally-selective (shell vs.

core) NAc lesions have opposing effects on latent inhibition (Gal

et al., 2005).

Further direct evidence on the neuromodulatory role of DA is

lacking in that within mPFC local infusions of either D1 or D2

antagonists (Ellenbroek et al., 1996) as well as treatment with the

indirect agonists amphetamine and apomorphine (Lacroix et al.,

2000a) have been found to be without effect on latent inhibi-

tion. However, it must be noted that these microinfusion studies
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were conducted using standard latent inhibition procedures more

suited to test for the abolition of latent inhibition rather than

any potential enhancement; neither did they involve any com-

parison of effects in relation to PL vs. IL placement. Thus, given

the importance of both the precise behavioral parameters in use

and the placement with respect to sub-region, although consis-

tently negative to date, the available evidence to date suggests that

the role of DA within PL may yet be confirmed by microinfusion

studies.

LATENT INHIBITION CONCLUSIONS

Overall, the evidence base for the role of DA in mPFC sub-regions

is more limited in the case of latent inhibition compared with

that available in the case of the 5-CSRT. A particular role for

DA in more dorsal mPFC regions would be broadly consistent

with the importance of AC and PL sub-regions in 5-CSRT accu-

racy as distinct from impulsive responding (Early Attention: the

Serial Reaction Time Task; Table 1). However, to our knowledge

there has to date been only one study to examine the role of AC

in latent inhibition and this was an electrolytic lesion study. The

latent inhibition procedure nonetheless adds to our understand-

ing in that it allows for examination of the effects of attention

on associative learning. However, the assessment of such effects

is inevitably indirect and potentially confounded by other cogni-

tive demands introduced by the latent inhibition task, such as the

need to switch flexibly between stimulus-reinforcement contin-

gencies. The interface between attention and executive function is

discussed below (Executive Functions in mPFC).

WORKING MEMORY: TRACE CONDITIONING

Trace conditioning is the reduction in learning produced by the

introduction of a trace interval between CS offset and US onset.

Like latent inhibition, trace conditioning can be demonstrated in

a variety of Pavlovian conditioning procedures. Also in common

with latent inhibition, attentional processes have been identi-

fied as essential to the normal acquisition of trace conditioning.

However, unlike latent inhibition, trace conditioning has been

argued to represent an essential aspect of working memory. The

ability to bridge time delays to show associative learning in a

trace conditioning procedure allows animals to associate what

goes with what, when potentially causally-related events are sep-

arated in time. With respect to anatomical substrates it is very

well-established that conventional hippocampal lesions impair

trace conditioning, and this effect is reproducible in a variety

of conditioning procedures (though typically aversively moti-

vated: McEchron et al., 2000; Beylin et al., 2001; Quinn et al.,

2002).

Consistent with known projections from hippocampus, mPFC

has also been shown to be part of the trace conditioning net-

work. Following a number of lesion studies of eye blink con-

ditioning in the rabbit which showed the importance of mPFC

sub-regions including the caudal aspect of AC (Kronforst-Collins

and Disterhoft, 1998; Weible et al., 2000) single neuron record-

ing studies indicated an attentional role for AC, manifest par-

ticularly in the early acquisition of trace conditioning (Weible

et al., 2003; Oswald et al., 2008; Hattori et al., 2014). A sim-

ilar effect, in this case of electrolytic lesions to PL mPFC in

the same eye blink conditioning preparation, has also been

reported; however—consistent with some functional difference—

the demonstration of PL lesion effects on acquisition was found

to require the use of a relatively long duration CS (McLaughlin

et al., 2002).

EXCITOTOXIC mPFC LESION EFFECTS ON TRACE CONDITIONING

Further studies using the eye blink conditioning preparation

have been conducted with more anatomically selective excito-

toxic lesions. For example, the effects of post-training PL lesions

point to the importance of PL in regulating retrieval: PL lesions

made 1 week after training resulted in reduced expression of prior

learning, however animals showed normal relearning (Oswald

et al., 2008, 2010). Again using the same behavioral procedures,

reduced expression of prior learning was found to result from

excitotoxic AC lesions but in this case only if the lesions were

made immediately post-training (Oswald et al., 2010). This dis-

sociation between the effects of PL and AC lesions based on the

timing of the lesions with respect to behavioral training points to

a functional difference in relation to the retrieval of consolidated

material in PL vs. processes related to consolidation which require

AC (Oswald et al., 2010). Since initial acquisition was not exam-

ined in the Oswald et al. studies (only relearning), the importance

of AC for early attentional processing in trace conditioning is not

excluded.

CONVERGENT EVIDENCE FOR DISSOCIATIONS BY mPFC SUB-REGION

Consistent with the above studies by Oswald et al. (2008, 2010), in

a rat CER procedure, inhibition of extracellular signal-regulated

(Erk) cascade to disrupt long term memory storage within PL

impaired the retention but not the acquisition of trace condi-

tioning (Runyan et al., 2004). Thus, there is convergent evidence

consistent with the importance of PL in retrieval-related pro-

cesses. Moreover, excitoxic AC lesions have been reported to

reduce trace conditioning in a rat CER procedure in the same

way as an experimental distractor stimulus (based on the putative

attentional role of AC: Han et al., 2003).

Comparing across a variety of trace conditioning preparations,

the emerging pattern seems to be a role for (1) AC in early atten-

tional processing of the CS and/or acquisition (Kronforst-Collins

and Disterhoft, 1998; Weible et al., 2000, 2003; Han et al., 2003;

Kalmbach et al., 2009; Hattori et al., 2014); and (2) PL when

memory processes are more directly engaged, for example when

retention is tested (Runyan et al., 2004; Oswald et al., 2008, 2010),

when neuronal activity is examined during a relatively long trace

interval (Gilmartin and McEchron, 2005) or when longer CS

durations compound the memory load (McLaughlin et al., 2002).

This pattern is broadly consistent with that emerging from the

5-CSRT which also points to a particular role of AC in attentional

rather than later stages of processing. In the case of trace condi-

tioning, interventions restricted to IL have been little examined to

date. Although the available data are as yet limited, there is some

indication of further functional differentiation with still more

ventral placements in IL, in the form of differences in electro-

physiological profile in a study which directly compared IL with

PL neuronal responses. This functional differentiation took the

form of increased vs. decreased activity in PL vs. IL mPFC during
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conditioning with a 20 s trace interval (Gilmartin and McEchron,

2005).

DA AND TRACE CONDITIONING

With respect to the role of DA, systemic amphetamines increased

conditioning over a 30 s trace interval measured in a CER proce-

dure (Norman and Cassaday, 2003; Horsley and Cassaday, 2007).

The amphetamines are indirect catecholamine agonists so these

results suggest a role for DA or NA in the neuromodulation of

trace conditioning. However, particularly in the case of trace con-

ditioning, an additional consideration arises in that lesion effects

have typically been investigated in aversively motivated proce-

dures (eye blink or CER). Lesions and drug treatments affecting

the DA system have been found to have different effects in aver-

sive (Norman and Cassaday, 2003; Horsley and Cassaday, 2007)

and appetitive trace conditioning procedures (Kantini et al., 2004;

Cassaday et al., 2005). This difference may relate to the different

motivational systems engaged by aversive and appetitive condi-

tioning procedures or inevitable differences in the salience of the

aversive and appetitive UCSs used in such studies. Consistent with

the latter interpretation, systematic comparison of the effects of

mPFC lesions in two aversive trace conditioning variants, moti-

vated by relatively mild corneal air puff vs. relatively aversive

peri-orbital eye shock UCS showed greater trace conditioning

deficits with the air puff UCS (Oswald et al., 2010). Therefore,

it will be important to establish the role of mPFC DA using

appetitive as well as aversive task variants, particularly given the

evidence that the relationship between mPFC DA and cogni-

tion follows an inverted U-function (Zahrt et al., 1997; Arnsten,

1998).

Reduced trace conditioning can be viewed as a cognitive

impairment. Conversely, enhanced trace conditioning can be

taken to reflect cognitive enhancement because of improved

working memory function (Sweatt, 2004), as demonstrated after

both treatment with amphetamines (Norman and Cassaday,

2003; Horsley and Cassaday, 2007) and catecholaminergic deple-

tion within NAc (Nelson et al., 2011d). Connections of the AC

(caudal aspect) point to the importance also of the choliner-

gic system at least in the attentional processes necessary to trace

conditioning (Weible et al., 2007). However, the role of other

key neuromodulators within mPFC and the extent to which its

sub-regions are differentially involved in trace conditioning are

not yet established. A role for mPFC DA is to be expected, and

the interconnectivity with NAc is consistent with the pattern of

effects observed in latent inhibition procedures (Nelson et al.,

2010, 2011b,c). Indeed, we have presented some preliminary evi-

dence for differential effects of PL and IL dopamine depletion on

trace conditioning measured in a CER procedure (Thur et al.,

2010). However, statistically this result was marginal and needs

replication. DA depletion in core rather than shell NAc provided

the most likely explanation of the increased trace condition-

ing demonstrated in our earlier study (Nelson et al., 2011d).

Accordingly, based on the known interconnectivity between NAc

core and shell with PL and IL mPFC, respectively, this effect would

be predicted to be reproduced by DA depletion in PL. We have

recently found that the early acquisition of appetitive trace con-

ditioning is modulated by the DA D1 agonist SKF81297 but we

have so far been unable to distinguish the role of different mPFC

sub-regions (Pezze et al., unpublished data).

TRACE CONDITIONING CONCLUSIONS

In summary, there is some strong evidence for the functional

significance of mPFC sub-regions from studies of trace con-

ditioning, including some intriguing parallels with conclusions

emerging from studies with the 5-CSRT. Together with evi-

dence from systemic drug studies this points to the role of DA

within mPFC as a likely modulator of trace conditioning also.

However, these lines of enquiry have not yet led to any compelling

neuropsychopharmacological studies of trace conditioning.

WHAT, WHERE, AND WHEN: OBJECT RECOGNITION

MEMORY

Recognition memory relies on the ability to discriminate familiar

“known” stimuli from novel stimuli which have not previously

been encountered, or which have been seen in a different location

or in the same location but less recently. The fact that rats have

a natural tendency to preferentially explore relatively novel cues,

provided by the intrinsic features of objects (“what”), new spa-

tial context (“where”), or mere forgetting over time (“when”), has

been exploited to devise tests of object recognition which do not

require any additional motivation or training. Such familiarity-

based discrimination tests have been widely used to investigate

the neurobiological basis of recognition memory (Ennaceur and

Delacour, 1988; Dere et al., 2007; Winters et al., 2008; Warburton

and Brown, 2010).

As in the case of serial reaction time processing, latent inhi-

bition and trace conditioning, structures interconnected with

hippocampus have been identified as key. As might be expected,

hippocampus is essential for recognition discriminations based

on the spatial location of items, the where aspect of familiarity

(Wan et al., 1999; Hardt et al., 2009). Perirhinal cortex has been

found to be necessary for both object recognition (Aggleton et al.,

1997; Bussey et al., 1999; Brown and Aggleton, 2001) and the

processing of temporal information, to allow the performance of

familiarity discriminations based on the timing or recency of the

encounter (Barker et al., 2007). Thus, perirhinal cortex plays an

important role in mediating both what and when aspects of famil-

iarity. There is also good evidence that the mPFC sub-regions

modulate different aspects of recognition memory.

ELECTROPHYSIOLOGICAL STUDIES OF OBJECT RECOGNITION

Electrophysiological studies have shown that mPFC neurons

respond selectively to particular objects (Rainer and Miller, 2000,

2002; Xiang and Brown, 2004). One recent study neatly dis-

tinguishes electrophysiological responses related to memory for

objects as distinct from any unconditioned responses directly

elicited by the objects themselves. Specifically, neurons in AC

increased activity when mice returned to the location of a “miss-

ing” object (that was previously explored at that location and had

since been removed). This increased activity was seen in response

to the absent object at both 6 h and 30 day delay and was therefore

argued to reflect memory, given the delays in use—most likely

consolidation-related processes—as distinct from activity related

to object exploration (Weible et al., 2012). Whilst an elegant
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method to distinguish unconditioned effects, this experimental

design cannot dissociate memory for features inextricably related

to object identity from memory for object location. However,

some lesion studies of mPFC allow comparison across different

object recognition variants.

INACTIVATION AND LESION STUDIES OF OBJECT RECOGNITION

Specifically, although mPFC does not seem to be necessary for

object recognition as measured by the standard test variant based

on object identity (Ennaceur et al., 1997; Hannesson et al., 2004a),

performance on object recency variants has been shown to be

disrupted by either reversible inactivation of Hannesson et al.

(2004a) or excitotoxic lesions to Barker et al. (2007) PL mPFC.

Thus, the available evidence suggests that although—to the extent

that mPFC lesions are without effect in standard tests of object

recognition—mPFC may not be necessary for familiarity judg-

ments per se, it nonetheless plays an important role in familiarity

based on when an object has been presented. The role of mPFC

in familiarity based on where an object has been presented is less

well-established. Performance in object location variants has been

reported to be disrupted by excitotoxic lesions to AC plus retros-

plenial cortex. However, excitotoxic lesions restricted to AC were

without effect under the same test conditions and neither was

there any effect of relatively selective PL lesions on object location

recognition (Ennaceur et al., 1997).

DA AND OBJECT RECOGNITION

To delineate the role of neuromodulators such as DA within

mPFC requires the use of neuropharmacological approaches. For

example, the effects of 6-OHDA lesions to the PL and IL mPFC

sub-regions have been systematically compared across novel

object recognition variants requiring judgments about object

identity, recency, and location. Consistent with earlier reports that

mPFC is not involved in simple novel object recognition based on

intrinsic features of the object, DA depletion in PL/IL left perfor-

mance based on object identity intact. In contrast, in the recency

variant of the task, lesions to both PL and IL interfered with

animals’ ability to differentiate between earlier presented (“old”)

and more recently presented (“familiar”) objects (Nelson et al.,

2011a). These findings point to a role of mPFC DA in familiarity

based on when an object has been presented.

With respect to the neuroanatomical locus of neuromodula-

tion by DA within mPFC, the lesion study with 6-OHDA points to

a role for PL DA (and/or NA). The PL lesion which was sufficient

to impair object recognition based on recency, was anatomi-

cally highly selective and spared catecholamine content in the

more ventral IL (Nelson et al., 2011a). This selectivity of the

behaviorally effective PL lesion in turn suggests that the same

behavioral deficit seen also in the IL-lesioned group was due to

catecholamine loss produced by the lesion in the PL rather than

the IL or entire mPFC (Nelson et al., 2011a). The importance

of PL mPFC is consistent with neuroanatomical data. There are

reciprocal interconnections between the perirhinal cortex and the

mPFC, as well as behavioral evidence to suggest that functional

interactions between these regions mediate recognition mem-

ory performance requiring recency judgments (Hannesson et al.,

2004a; Barker et al., 2007). Notably, connections are particularly

strong between perirhinal cortex and PL rather than IL mPFC

(Vertes, 2004; Hoover and Vertes, 2007).

Neurotoxic 6-OHDA lesions which depleted DA in IL mPFC

also partially disrupted recognition memory for object location;

however in the case of the location variant DA depletion in PL was

without effect (Nelson et al., 2011a). The 6-OHDA IL lesions in

use significantly depleted catecholamines also in the PL, but since

at the same time animals with selective PL lesions performed at

comparable levels to shams, the impairment in object recogni-

tion based on location was attributed to IL (Nelson et al., 2011a).

Thus, the results of this study suggest that DA within IL may con-

tribute to the ability to detect a change in the spatial location

of a familiar object. Previous studies which showed intact object

location memory used excitoxic lesions rather than DA depletion,

were targeted at the PL or entire mPFC rather than the IL and

were conducted using the basic variant of object displacement

(Ennaceur et al., 1997; Barker et al., 2007).

UNDERLYING MEMORY MECHANISMS

A variety of further object location recognition variants have

been developed, some of which introduce contextual associa-

tions (by introducing new distinctive environments) in order to

manipulate familiarity in relation to the test environment (Dere

et al., 2007). One further aspect of context is the spatial relations

between the objects themselves: in object-in-place variants, for

example, of an array of four objects two swap positions (Dix and

Aggleton, 1999). These contextual variants are likely to tap differ-

ent underlying memory mechanisms. Indeed, excitotoxic mPFC

lesions and inactivation with lidocaine are known to depend on

the contextual vs. spatial object recognition variant in use in

that they can disrupt memory for object-in-place whilst leav-

ing discriminations based on object location intact (Ennaceur

et al., 1997; Hannesson et al., 2004a; Barker et al., 2007). In

other words, the effects of mPFC lesions depend on whether suc-

cessful discrimination requires recognition of the topographical

relationship between sets of objects in a particular context or the

detection of some alteration in the spatial location of a familiar

object. To our knowledge the effects of DA depletion or treatment

with DA agonists have not been examined in the object-in-place

task variant.

With respect to those variants for which the role of mPFC has

been examined, performance based on when the objects were pre-

sented finds its simplest account in the assumption that rats will

preferentially explore the object seen the longest time ago because

the memory trace for that object will be weaker than the memory

trace of the object sampled most recently; in other words, rats dis-

criminate on the basis of relative recency rather than on the basis

of the exact order of occurrence of the objects (Ennaceur, 2010).

However, it remains possible that performance could depend on

more precise temporal order memory in that successful discrim-

ination would also result if animals remembered the exact order

in which they were previously exposed to the objects (Mitchell

and Laiacona, 1998; Hannesson et al., 2004a; Barker et al., 2007;

Barker and Warburton, 2011). This distinction matters in relation

to how theories of mPFC account for its role in “when” process-

ing. There is also independent evidence to suggest that mPFC

lesions produce deficits on tasks that require the integration of
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temporal information (Kesner and Holbrook, 1987; Kesner, 1989)

and such findings are consistent with the hypothesis that the tem-

poral sequencing of behavior is a key aspect of mPFC function

(Fuster, 2001; Dalley et al., 2004; see also Temporal Control of

Responding below). Notwithstanding these other data, it is diffi-

cult in effect to differentiate between the two alternative accounts

of performance on the recency task empirically (Ennaceur, 2010;

Barker and Warburton, 2011). Moreover, impairments on the

recency task manifest behaviorally as equivalent exploration of

two objects presented at the test stage of the procedure. Therefore,

lesion effects could arise because both objects were identified as

equally novel or because both were recognized as equally familiar

(Ennaceur, 2010).

OBJECT RECOGNITION CONCLUSIONS

On balance, the evidence from object recognition lesion (includ-

ing 6-OHDA and reversible inactivation) studies points to a

particular role for mPFC DA (Nelson et al., 2011a) in the regu-

lation of aspects of recognition memory, particularly if the task

conflates the need to make recency judgments (Hannesson et al.,

2004b) or spatial aspects of contextual processing (Ennaceur et al.,

1997; Hannesson et al., 2004a; Barker et al., 2007).

However, a full consideration of the role of mPFC DA requires

an additional level of analysis to examine the role of the dif-

ferent receptor subtypes. Although lesion methods suggest that

mPFC is not necessary for object recognition as measured by the

standard test variant based on object identity (Ennaceur et al.,

1997; Hannesson et al., 2004a; Nelson et al., 2011a), this does not

exclude a modulatory role for mPFC. Indeed, evidence that the

role of DA D1-like receptors in the consolidation of novel object

recognition memory (de Lima et al., 2011) is mediated in mPFC

has been provided by evidence for DA D1 regulation of protein

synthesis after novel object exposure (Nagai et al., 2007) as well

by micro-injection experiments comparing the effects of DA D1–

like receptor agents with DA D2 receptor agents in mPFC (Nagai

et al., 2007; Rossato et al., 2013). Similarly, we have recently found

that novel object recognition is impaired by the DA D1 agonist

SKF81297, both after systemic injections and after microinfusion

directly into PL mPFC (Pezze et al., unpublished data).

With respect to the wider circuitry, the IL mPFC receives input

from the hippocampus (Hoover and Vertes, 2007) and hippocam-

pus is similarly necessary for object recognition discriminations

based on the spatial location (Wan et al., 1999; Hardt et al., 2009).

Moreover, the IL projects to NAc shell (Berendse et al., 1992) and

NAc shell DA similarly plays a critical role in object location mem-

ory (Nelson et al., 2010). Thus, object location familiarity is likely

to depend on a circuit of which IL mPFC is just one component.

Similarly within the general domain of recognition memory,

“what, where, and when” components have been particularly

attributed to perirhinal cortex, hippocampus and mPFC, respec-

tively. However, these interconnected areas are functionally inter-

dependent so functional dissociations are not absolute (Figure 1).

For example, perirhinal cortex plays a role in processing when as

well as what has been presented (Hannesson et al., 2004a; Barker

et al., 2007); mPFC plays a role in identifying where as well as

when an object was presented, in this case with some evidence for

dissociation by sub-region (Nelson et al., 2011a).

RELATED BENCHMARK TESTS OF LEARNING AND MEMORY

The literature on mPFC function is vast and we have primar-

ily focused on four behavioral tasks for which there has been

some research effort to distinguish the relative roles of mPFC

sub-regions and for which there is evidence for neuromodula-

tion by DA. We should also consider the extent to which related

benchmark tests of learning and memory (for which the effects

of similar interventions in different mPFC sub-regions have

been examined) may rely on the same underlying psychological

processes.

MOTIVATED RESPONDING

Excitotoxic lesions to mPFC have been reported to disrupt

preparatory responding in a reaction time task requiring lever

manipulation, in this case release, in response to presentation of

a cue light. IL and PL lesions were compared but in this study

there was no difference between these more restricted lesions

and whole mPFC lesions, only lesions restricted to AC were

without effect. All lesions involving IL and/or PL increased pre-

mature responding and disrupted the distribution of preparatory

responding during the intervals between the cues (Risterucci

et al., 2003). Electrophysiological and pharmacological evidence

has recently come from a multichannel single unit recording study

which systematically compared the responses of neurons in IL

and PL sub-regions whilst rats were lever pressing for sucrose

pellets on a variable interval schedule. Whilst a similar propor-

tion of neurons were activated during reinforced lever pressing,

the time course of responses in IL and PL was clearly different, as

was the response to pharmacological inactivation with muscimol

(Burgos-Robles et al., 2013). Lever pressing is a very simple oper-

ant response which nonetheless requires attention, learning and

memory, as well as motivation, for optimal performance at dif-

ferent stages of training. The rats tested in the above studies were

pre-trained and so the findings do not address such distinctions in

relation to the component psychological processes. Importantly,

5-CSRT test procedures include a number of parameters suitable

to distinguish motivational from attentional effects on accu-

racy. Motivational impairments can be distinguished as increased

latencies to collect food reward and increased omissions.

PRE-PULSE INHIBITION

As was the case for latent inhibition, initial studies of pre-

pulse inhibition reported no effect of excitotoxic mPFC lesions,

either non-selective with respect to sub-region (Lacroix et al.,

1998) or targeted to the IL sub-region (Sullivan and Gratton,

2002). However, larger excitotoxic mPFC lesions have since been

shown to increase pre-pulse inhibition (Lacroix et al., 2000b).

Conversely, prepulse inhibition is dose-dependently reduced by

micro-injection of DA D1 or DA D2 antagonists in mPFC

(Ellenbroek et al., 1996). Moreover, the impairment follow-

ing injection of a D1 antagonist can be reproduced by micro-

injections targeted to PL or IL (Shoemaker et al., 2005). However,

as was the case for the 5-CSRT, an optimal level of prefrontal

dopamine-receptor stimulation may be key and infusions of the

indirect DA agonist apomorphine in mPFC have also been found

to disrupt prepulse inhibition (Lacroix et al., 2000a). Effects of

interventions restricted to AC have yet to be examined.
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FEAR CONDITIONING

Fear conditioning is an important and influential area of research

in its own right and largely beyond the scope of the current

review. However, it must be acknowledged that the majority of

the latent inhibition and trace conditioning studies conducted

to examine the role of mPFC sub-regions have been conducted

in CER procedures (Han et al., 2003; Schiller and Weiner, 2004;

Nelson et al., 2010) or other aversively motivated procedures

such as eyeblink conditioning (Kronforst-Collins and Disterhoft,

1998; Weible et al., 2000). Naturally such studies are routinely

run with control groups so that effects on basic conditioning can

be distinguished from those specific to latent inhibition or trace

conditioning.

Micro-injection studies have identified differential modula-

tion of fear conditioning by mPFC DA D4receptors vs. D1-like

receptors). For example, DA D4 activation by PD168077 increased

conditioning to low (0.4 mA) intensity foot shock UCS but

blocked conditioning to higher intensity (0.8 mA) foot shock UCS

when injected in the PL region of mPFC. This finding combined

with the fact that there was no effect on the recall of previously

learned emotionally salient memories is consistent with a role for

DA D4 receptors in the encoding of nonsalient (but not salient)

aversive outcomes (Lauzon et al., 2009).

There is also evidence for distinct roles of mPFC sub-regions

in different aspects of fear conditioning. One highly influential

study used reversible inactivation (produced by injecting musci-

mol) to identify dissociable roles of IL vs. PL in the extinction vs.

the expression of conditioned fear (Sierra-Mercado et al., 2011).

Moreover, this proposed distinction is consistent with electro-

physiological recording and microstimulation studies which have

identified a role for PL in the expression vs. the extinction of

conditioned fear responses (Vidal-Gonzalez et al., 2006) albeit

there is also evidence for sex differences (Fenton et al., 2014).

A role of mPFC in the initial acquisition as well as the expres-

sion of fear has also been identified, particularly when the task

demands for contextual or temporal processing are increased, for

example by the introduction of a trace interval (Gilmartin et al.,

2014).

SPATIAL RECOGNITION MEMORY

Rats’ tendency to explore novel object locations has been

exploited to devise analogous tests of recognition memory in

the radial arm maze (Hannesson et al., 2004b). Hannesson et al.

(2004b) conducted an analogous series of experiments in the

radial arm maze. This study similarly relied on rats’ tendency to

spontaneously explore but in this case to measure spatial recog-

nition memory (measured as the tendency to explore a novel arm

not previously visited) and spatial temporal order memory (mea-

sured as preference for the least recently visited arm, based on

the order in which arms have been visited). Lidocaine inactiva-

tion of mPFC (with the injection targeted in dorsal PL) had no

effect on the basic recognition memory variant but impaired task

performance based on recency (Hannesson et al., 2004b).

Similarly, although PL and IL placements were not systemati-

cally compared, both 6-OHDA lesions to PL mPFC (Bubser and

Schmidt, 1990) and infusions of DA D1 antagonists (Seamans

et al., 1998) have been shown to disrupt spatial memory, as

measured in T-maze delayed alternation or in radial arm maze

tasks with a delay between training and testing, respectively.

SPATIAL WORKING AND REFERENCE MEMORY

In more standard radial arm maze tests, reversible inactivation

produced using lidocaine impaired working memory when tar-

geted in AC whereas impaired reference memory resulted from

inactivation targeted in PL (Seamans et al., 1995). A role for DA

was established in a later study from the same laboratory in that

performance was impaired by micro-injection of a DA D1 antag-

onist targeted on PL mPFC provided there was a delay between

training and test (Seamans et al., 1998).

Similarly, delayed-non-matching to sample (using lever posi-

tion in the Skinner box) has been reported to show some impair-

ment after PL plus AC mPFC lesions. Delayed-non-matching to

sample is also a classic test of working memory. However, reduced

performance was transient (in that depressed accuracy improved

after the introduction of each delay) and was moreover not shown

to be delay-dependent and—in the absence of any effect on initial

acquisition—rule reversal learning from non-matching to match-

ing variants of the task showed a more marked impairment (Joel

et al., 1997). There was no effect of lesions restricted to AC in

this study. Thus, the PL may be the critical site for rule shifting in

this task, reflecting impairment in executive function rather than

working memory (Joel et al., 1997).

Although a few studies have shown little or no spatial deficits

after mPFC lesions (Kesner et al., 1989; Granon et al., 1996), on

balance it is well-established that the mPFC (Kolb et al., 1983;

Aggleton et al., 1995) and in particular its DA innervation is

important for aspects of spatial memory (Brozoski et al., 1979;

Bubser and Schmidt, 1990; Ragozzino et al., 1998; Seamans et al.,

1998).

TEMPORAL CONTROL OF RESPONDING

Last but not least, the ability to time responses to environmen-

tal contingencies is critical to performance in the 5-CSRT as well

as other reaction time tasks, and in the various delayed response

tasks used to assess working memory in object recognition as well

as other standard procedures. Moreover, impaired temporal con-

trol can also be expected to disrupt the expression of learning in

the Pavlovian procedures considered in this review.

This is likely to be an important confound in that depletion of

mPFC DA projections (using 6-OHDA injected into the ventral

tegmental area) has been found to impair the temporal control

of behavior even in simple reaction time tasks (Parker et al.,

2013a). Pharmacological blockade of D1 but not D2 receptors

also disrupted the development of anticipatory responses (Parker

et al., 2013a). Similarly, interfering with DA function (using viral

vectors to block tyrosine hydroxylase, or pharmacological block-

ade of mPFC D1) impaired the temporal control of behavior in

a fixed interval timing task (Narayanan et al., 2012). Moreover

selective stimulation of mPFC D1 receptors using optogenetic

methods confirmed the pharmacological and anatomical speci-

ficity of this finding (Narayanan et al., 2012). Electrophysiological

studies from the same laboratory—using a time-estimation task

in which a cue was presented on 50% trials—have identified phase

locking as a mechanism by which mPFC networks synchronize
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brain activity to control response times (Narayanan et al., 2013).

Thus, there is compelling evidence that DA signaling in mPFC

modulates the temporal control of responding which underlies

performance across the range of tasks considered here. Evidence

suggesting that timing may be a mPFC-mediated aspect of exec-

utive function has been fully reviewed elsewhere, and in relation

to the cognitive symptoms of Parkinson’s disease which include

timing deficits (Parker et al., 2013b).

EXECUTIVE FUNCTIONS IN mPFC

As discussed above, aspects of executive function such as tim-

ing may be a key factor across the spectrum of tasks examined.

Even attention is not a unitary construct and subsumes vigilance

as measured by the serial reaction time task as well as atten-

tional learning in so far as this is measured by latent inhibition

procedures. In any event, neither latent inhibition task nor serial

reaction time procedures provide pure measures of attentional

processes (Weiner, 1990, 2003; Muir, 1996; Lubow and Weiner,

2010). For example, a role for mPFC DA in mediating latent

inhibition enhancement through failure to switch attentional

resources to the now relevant previously pre-exposed stimulus

(Weiner, 1990, 2003) would be consistent with a wider role in

integrating information about different stimulus-reinforcement

contingencies and adjusting behavior in relation to past vs.

present contingencies (Kehagia et al., 2010; Nelson et al., 2010).

Serial reaction time task performance has received almost as

much prominence as a potential test of impulsivity or executive

function (Chudasama et al., 2003, 2012). Overall, the available

data from serial reaction time studies suggest that while the PL

and AC control attentional processes, IL mPFC is more involved

in generating response inhibition (i.e., in impulsivity or executive

function). There is also independent evidence that DA signaling

in PL mPFC modulates attentional functions. Interestingly, atten-

tional processes appear to require an optimal level of prelimbic

neural activity (Pezze et al., 2014) and DA D1 receptor stimulation

(Granon et al., 2000). It is known that DA D1 receptor stimulation

increases the excitability of inhibitory interneurons (Goldman-

Rakic, 1998; Seamans et al., 2001; Tseng and O’Donnell, 2007;

Trantham-Davidson et al., 2008). Also the appropriate level of

neuronal activation known to underlie attentional processes may

depend of DA D1 receptor stimulation in the PL.

Of course the majority of behavioral tasks involve basic

aspects of attention, learning, and memory as well as the higher

order executive functions necessary to show behavioral flexibility.

Accordingly experimental interventions affecting the DA system

may do so at a number of levels and executive function may

be a common underlying factor. For example, both NA deaf-

ferentation (McGaughy et al., 2008) and direct blockade of DA D1

receptors (Ragozzino, 2002) within the mPFC have been shown to

disrupt rule shifting; conversely, DA activity in mPFC is increased

during reversal learning (van der Meulen et al., 2007).

METHODOLOGICAL CONSIDERATIONS

All methods have their limitations. Most important for present

purposes is the trade-off between neuroanatomical and neu-

rochemical resolution which is a feature of the approaches

most commonly adopted to date. Excitotoxic lesion and

electrophysiological methods offer excellent neuroanatomical res-

olution but tell us little about the role specifically of DA within

mPFC. However, the standard method to deplete DA using

6-OHDA makes lesions which may be less anatomically cir-

cumscribed than those made by standard excitotoxic methods.

However, this difference may be more apparent than real in that

neurochemical lesions are more typically verified by HPLC rather

than methods which allow visualization of the boundaries of

the lesion. Quantitative immunocytochemistry can be used to

determine the final boundaries of such lesions (using for exam-

ple antibodies against the rate limiting biosynthetic enzymes).

However, delineation of lesion boundaries is known to depend on

the method in use. For example, excitotoxic lesions show differ-

ent boundaries using an immunohistochemical marker compared

with those identified using conventional Nissl staining for his-

tological assessment (Jongen-Relo and Feldon, 2002). Moreover,

HPLC remains the method of choice to quantify changes in other

neurotransmitters as well as secondary changes in neurotransmit-

ter function in interconnected brain regions. Functional recovery

might be seen to be a particular issue in the case of neurotoxic

lesions made with 6-OHDA but the delineation of all lesions is

confounded by secondary compensatory changes in response to

the damage.

SELECTIVITY OF 6-OHDA LESIONS

A further constraint on the selectivity of 6-OHDA lesions arises

in that the pre-treatments routinely used to protect NA neu-

rons are not reliably successful and changes in NA as well as DA

typically result from 6-OHDA lesions in mPFC (Nelson et al.,

2010, 2011a) as well as in other brain regions such as NAc

(Nelson et al., 2011b,c,d). However, neurotoxic 6-OHDA lesions

do not result in non-specific neuronal damage in that they do

not—for example—result in significant changes in 5-HT levels

in target regions such as mPFC (Nelson et al., 2010, 2011a).

Primary and secondary effects of neurotoxic lesions should also

be distinguished, but 6-OHDA lesions do not necessarily result in

secondary changes in control regions selected on the basis of their

known connectivity with the mPFC (Sesack et al., 1989; Takagishi

and Chiba, 1991).

Anatomically, the dominant view is that 6-OHDA lesions are

typically less well-circumscribed. Infusion of 6-OHDA into the

PL can nonetheless produce selective depletion within this target

structure and spares catecholamine content in the more ventral IL

cortex (Nelson et al., 2010, 2011a). However, infusion of 6-OHDA

into the IL has a less selective effect in that it depletes cate-

cholamines in both the IL and more dorsally in the PL (Naneix

et al., 2009; Nelson et al., 2010, 2011a). On the other hand,

in contrast to the evidence that mPFC lesions can enhance the

responsiveness of DA neurons in NAc (Deutch et al., 1990), nei-

ther PL nor IL 6-OHDA lesions have any effect on striatal DA

(Rosin et al., 1992; Nelson et al., 2010, 2011a). Thus, these lesions

are nonetheless in some respects more selective.

DOSE-RELATED EFFECTS OF DRUGS ADMINISTERED BY

MICROINFUSION

Microinfusion studies are needed to identify the role of differ-

ent receptor subtypes in neuromodulation within mPFC. DA D2
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receptor family mediated inhibition (Greengard, 2001; Traynor

and Neubig, 2005) might be expected to mimic the effects of

DA depletion. However, DA has been reported to have excitatory

effects within mPFC, mediated via actions at the DA D1 receptor

family (Gonzalez-Islas and Hablitz, 2003). Thus, the effects of DA

depletion may rather be reproduced by DA D2 agonists.

Drugs administered by microinfusions into any target struc-

ture are likely to spread beyond any intended target sub-region

to encroach on adjacent sub-regions (AC vs. PL vs. IL in the case

of mPFC). Where a drug spreads by diffusion there will neces-

sarily be a concentration gradient from the tip of the injection

cannula extending to all other points in the brain. What matters

is whether there will be a high enough concentration within the

required radius of influence and at the same time a low enough

concentration outside that radius of influence such that adjacent

structures function normally.

Since the minimal pharmacologically active concentrations of

the drugs of interest are typically unknown, and because in any

case there is no practical way of measuring concentration gradi-

ents from the point of infusion, the best criterion of spread has

to be functional. In other words, where behavioral differences

between injections targeted on different sub-regions are demon-

strated, these must relate to dose-related effects. Functional

spread will inevitably vary depending on the particular recep-

tor agents in use and properties such as molecular weight and

lipophilicity. In addition to behavioral measures, there are a

variety of other methods to estimate spread of drug after microin-

jection based on functional criteria. Moveable recording elec-

trodes adjacent to infusion sites have, for example, been used to

test the limits of the drug’s effectiveness (Edeline et al., 2002).

Radiolabelled ligands have also been injected to estimate the

radius around the injection site that may be affected by a par-

ticular infusion volume. Where a variety of receptor agents are in

use, the conclusions drawn are extrapolated to other compounds

(Granon et al., 2000).

However, in every case, the precise extent of spread deter-

mined will depend not only on the properties of the particular

compound injected but also the method to determine the extent

of its effectiveness. Logic dictates that at further points of dif-

fusion and lower concentrations the compound will be below

threshold for the psychobiological effects of interest. In prac-

tice, where differential effects are demonstrated between the two

regions, then the functional spread cannot be greater than about

1 mm in diameter (because if it were, one would expect to see

the same effects following infusions in both regions). This level

of resolution is consistent with the successful demonstration of

dose-related effects in shell vs. core NAc (Johnson et al., 1996;

de Bruin et al., 2001; McFarland and Kalivas, 2001; Anderson

et al., 2003; Floresco et al., 2006a) based on the injection volume

(0.3 µl/side) as established by an earlier in vitro autoradiography

study with [3H]dopamine (Johnson et al., 1996).

Autoradiography can also be used to assess diffusion over time.

For example, Granon et al. (2000) injected 0.5 µl volumes of radi-

olabelled DA antagonist (in this case in rat prefrontal cortex) and

killed animals after 5 or 60 min. As might be expected the area

of diffusion was smaller at 5 min than at 60 min but the concen-

tration was greater at 5 min than at 60 min after micro-injection.

Thus, spatial vs. temporal resolution is inevitably confounded by

techniques to visualize the spread of drug injections within tar-

get regions. The functional spread of substances administered by

micro-infusion is not routinely verified by autoradiography (pre-

sumably because of the inherent limitations of this technique

discussed above). However, there is good evidence to suggest

that to target treatments specifically to dorsal PL is likely to be

a reasonably selective experimental strategy (Hannesson et al.,

2004a,b). It has been independently established that the spread

of lidocaine can be described by the equation R = (3 × V/4 ×

π)1/3, in which R represents the effective radius and V the

volume injected (Tehovnik and Sommer, 1997). On this basis,

lidocaine micro-infusions can be assumed to effectively inacti-

vate neurons within in a radius of 0.8–1.3 mm from the infusion

site. Therefore, the functional spread of lidocaine injected in PL

is likely to result in substantial inactivation of PL with much

more modest effects in AC and dorsal IL (Hannesson et al.,

2004a,b).

The functional spread of small volumes of other compounds

used in micro-infusion studies can similarly be assumed to be of

the order of 1 mm, albeit particular receptor agents will inevitably

spread differently, in relation to their molecular weight and

lipophilicity, for example, as well as any neighboring fiber tracts.

And it must be noted that in another respect the anatomical

specificity of lidocaine is limited in that it does not discrimi-

nate between neurons and fibers of passage. Additionally because

compounds injected tend to disperse up the cannula tracts, dor-

sal regions are more likely to be affected than areas ventral to

the initial placement. So, for example, injections targeted on IL

encroach on PL under conditions in which the same treatment

targeted on PL can have more circumscribed effects (Nelson et al.,

2010, 2011a). Similarly, injections in PL are more likely to have

unwanted effects in AC which is situated dorsal to the injection

site than in IL which is ventral.

For practical reasons, studies with a number of behavioral

conditions rarely compare the effects of more than two concen-

trations of drug. However, an inverted U-function best describes

the relationship between DA function and cognitive performance.

In other words both under—and over-activation of DA receptors

can be sufficient to result in cognitive impairment (Zahrt et al.,

1997; Arnsten, 1998). In line with the Yerkes-Dodson law relat-

ing arousal to performance, DA functioning in the mid-range

optimizes most aspects of behavioral or cognitive performance

(Yerkes and Dodson, 1908). Accordingly treatments for disor-

ders involving the DA system are tailored to restore function

to the mid-range: Parkinson’s disease results from DA depletion

and is treated with D1 agonists (Zahrt et al., 1997); conversely,

chronic stress results in D1 overactivity which impairs working

memory, and this impairment can be treated with D1 antago-

nists (Zahrt et al., 1997). Appreciation of the inverted U-function

relating performance to the level of DA function in mPFC results

in some—at face value—counterintuitive predictions. Thus, the

importance of a particular receptor sub-type might be established

by the demonstration of impairments in behavioral performance

following treatments with appropriate doses of DA D1 agonists

as well as antagonists (Granon et al., 2000; Pezze et al., 2014)

As discussed above, DA D2 receptor family mediated inhibition
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(Greengard, 2001; Traynor and Neubig, 2005) means that DA D1

agonists might be expected to mimic the effects DA depletion

in some brain regions. However, similar arguments apply with

respect to the need to keep DA function within the optimal range.

NEW METHODS OF WORKING

In vivo voltammetry can be used to monitor DA function in awake

behaving animals (Stevenson and Gratton, 2003; Champagne

et al., 2004). This technique has better temporal and spatial res-

olution than for example microdialysis and has already been

adapted for use with some behavioral tests. Similarly fast-scan

cyclic votammetry can be used to measure changes in cate-

choloamine concentrations in discrete brain regions and with

sub-second resolution. The pharmacological resolution is still

less than perfect in that fast-scan cyclic votammetry does not

necessarily distinguish between DA and NA (Park et al., 2010).

However, DA and NA can be distinguished by targeting different

microelectrodes to their respective pathways (Park et al., 2011).

Fast cyclic voltammetry can also be used to measure the effects

of stimulated DA release (O’Connor and Lowry, 2012) and has

recently been further refined by the development of an integrated

wireless system which allows both recoding and stimulation in

awake, freely moving rats (Li et al., 2013). However, although this

represents an important technological advance and rats adapt well

to the implants necessary for voltammetry studies, less invasive

procedures are of course preferable.

Pharmacogenetic approaches which could in principle be

applied to delineate the role of DA within mPFC have also devel-

oped rapidly over the past decade. First, DA can be modulated

indirectly, for example by catechol-o-methyltransferase (COMT)

or nicotinamide-N-methyltransferase (NNMT) albeit these

enzymes are widely distributed within the brain. Polymorphisms

of the COMT gene which might modulate the effects of dopamin-

ergic drugs have been suggested to provide one mechanism

on which more specific genotype-based neuropharmacological

agents might act selectively to modulate DA, in this case with

some regional specificity to PFC, and leaving subcortical DA sys-

tems unaffected (Apud and Weinberger, 2006). Moreover, multi-

ple COMT mRNA variants have been identified in human brain,

including human PFC, and it is likely that these alternate gene

products are of functional importance (Tunbridge et al., 2007),

for example in relation to cognitive ability (Starr et al., 2007).

COMT plays a role in the normal degradation of DA. However,

this effect is seen throughout the brain and regionally selective

effects have yet to be demonstrated. More extreme effects are

associated with NNMT, an enzyme in a metabolic pathway via

which dopaminergic toxins may be produced in the brain. NNMT

is known to occur naturally in the human brain and thus may

contribute to idiopathic neurodegenerative disease processes. For

example, NNMT mRNA levels have been found to be reduced

post-mortem frontal cortex taken from schizophrenic patients

(Bromberg et al., 2012).

Micro-RNA molecules target hundreds of genes and are of

great interest in the identification of biomarkers for disease states

(Hunsberger et al., 2009). For example, consistent with the dis-

ruption of systems and networks rather than dysfunction in any

single neurotransmitter system such as DA, post-mortem gene

expression studies also point to the importance of differences in

microRNA in the brains of schizophrenic patients (see Chana

et al., 2013, for review). Conversely, specific DA receptors have

also been directly implicated, for example in a study compar-

ing gene expression in schizophrenia and bipolar disorder (Zhan

et al., 2011). However, medication can itself result in significant

changes, for example in mPFC DA D1 receptor density (Knable

et al., 1996). Studies with knockout mice in which a particular

DA receptor is congenitally absent can also be used to identify the

functional roles of particular receptor subtypes. For the most part

such studies have provided evidence consistent with that obtained

from systemic drug studies using adult animals. For example, in

the case of latent inhibition there is complementary evidence for

the role of DA D1 as well as D2 receptors (Bay-Richter et al., 2009,

2013; Nelson et al., 2012). Thus, pharmacogenetic approaches

have been useful to provide convergent evidence with respect to

key DA receptor subtypes. However, gene expression is inactivated

throughout the brain and from the earliest stages of development

in standard knockout models. Thus, although a useful first line

of approach, they do not allow us to identify the key underlying

pathways that would allow the development of still better targeted

pharmacogenetic tools.

The full delineation of mPFC function requires both neu-

roanatomical and neuropharmacological resolution. Where the

key pathways have been identified, by lesion or micro-infusion

studies of the kind reviewed above, rapidly developing technolo-

gies support still more targeted pharmacogenetic interventions.

Inducible knockouts or conditional deletions in which the target

gene can be inactivated at a specific time and in specific tissues

allow a more fine-tuned approach. Moreover, the role of synap-

tic plasticity in particular brain regions can be investigated using

viral vectors to deliver microRNA, for example in perirhinal cor-

tex to investigate its role in object recognition (Scott et al., 2012).

Indeed, for a number of years, viral vectors have been used to

induce receptor over-expression in particular target regions: for

example of 5-HT1b in NAc shell resulting in sensitization to the

effects of cocaine (Neumaier et al., 2002) or increased alcohol

consumption (Hoplight et al., 2006); or of DA D1 in PL mPFC

resulting in increased consumption of sweet solutions as well as

stronger associations between addictive drugs and contextual cues

(Sonntag et al., 2014). Whilst to date addiction research has been a

particular focus of such studies, the wider potential application of

localized pharmacogenetic interventions is clear (Hommel et al.,

2003).

The technology to produce localized interventions is progress-

ing rapidly. Viral vectors are relatively safe and have low toxicity

and at the same time provide for highly effective transduction of

genetic material into target cells. Nanodevices are nonetheless the

preferred approach to develop regionally-selective interventions

which may in the longer term prove suitable for clinical trials.

Already nanotechnology has been used to provide vectors car-

rying silencing RNA in order to selectively interfere with gene

expression in particular dopamine signaling pathways; the expres-

sion of key proteins can be reduced in the absence of any signs of

cytotoxicity (Bonoiu et al., 2009). As discussed above, convergent

evidence including the use of viral vectors and optogenetic meth-

ods confirmed the role of mPFC D1 receptors in the temporal

Frontiers in Systems Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 160 | 17

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive


Cassaday et al. Cognitive functions in pre-frontal sub-regions

control of behavior, thereby identifying a key circuit which could

serve as a target for the treatment of dopaminergic diseases

(Narayanan et al., 2012). Thus, new methodological approaches

to the functional delineation of the role of mPFC in attention,

learning and memory have great potential. In the longer terms

epigenetic effects of drug treatments may also be identified with

particular mPFC sub-regions and their wider networks (Csoka

and Szyf, 2009).

CONCLUSIONS AND IMPLICATIONS

A variety of cognitive tasks—including measures of executive

function—rely on attention, learning and memory and in this

sense any quest for “pure” tests may be misguided (Muir, 1996;

Bizon et al., 2012). Nonetheless behavioral distinctions based on

task reveal some consistency in the data (Table 1). One emerging

pattern is that mPFC is important for the integration of informa-

tion across the attentional (5-CSRT, latent inhibition), temporal

(trace conditioning) and contextual demands of the task (also

for the what, where, when components of object recognition).

With respect to mPFC sub-regions, there is evidence to sug-

gest that AC has a relatively greater role in attention, whereas

IL is more involved in executive function. Arguably, the data are

as much consistent with a gradation of specialization along its

dorsal-ventral axis as clear functional segregation between AC,

PL, and IL sub-regions. However, the final answer on this point

rests on the resolution of the methods adopted to date. Moreover,

the conventional lesion methods which have been a first line of

approach because of their excellent anatomical resolution do not

exclude a neuromodulatory role and more neuropsychopharma-

cological approaches are needed to explain some of the apparent

inconsistencies in the results.

Already a number of findings point to the importance of

DA within mPFC sub-regions—in the in the attentional pro-

cessing required for successful performance in the 5-CSRT, in

attentional learning as measured by latent inhibition, as well as

in different aspects of object-recognition memory. We have also

considered some evidence pertaining to wider networks of inter-

connected brain areas such as hippocampus and NAc, as well as

other cortical areas, in the case of object recognition for example

(Figure 1). Over and above established dose-related effects, it is

also increasingly apparent that within any particular mPFC sub-

region, perturbations—whether caused by permanent damage,

reversible inactivation methods or drug microinfusions—with at

face value opposing neuropharmacological effects, can result in

equivalent behavioral outcomes. For example, both inactivation

and disinhibition of the PL mPFC caused attentional deficits in

spite of opposite effects on mPFC neural activity, as demonstrated

using in vivo electrophysiology (Pezze et al., 2014). Thus, as has

already been suggested for working memory (Goldman-Rakic,

1995; Rao et al., 2000), attention too seems to require an opti-

mal level of neuronal activation of the PL mPFC, with too little or

too much neuronal activity being detrimental.

Traditionally, the field of behavioral neuroscience has focused

on examination of the behavioral effects of circumscribed and

FIGURE 2 | A schematic representation of the anatomical (how precisely

located), temporal (how well-specified in terms of duration of action),

and pharmacological resolution afforded by the techniques most widely

available to study medial prefrontal function in vivo. Whilst there is

generally a trade-off between anatomical and temporal resolution, this

schematic representation breaks down for some of the newer

neuropsychopharmacological methods. For example, fast-cyclic voltammetry

has fantastic temporal resolution combined with excellent anatomical

resolution. Pharmacogenetic approaches should deliver on all fronts; however

they have yet to be widely applied.
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complete lesions to target structures which have not typically been

restricted to particular neurotransmitter pathways. More recent

work has provided clear evidence that dose-related effects of both

focal neurotoxic lesions and drug treatments can be identified

with dissociable behavioral effects, different from (or even con-

trary to) those of conventional lesions. At present we need to

combine different techniques to achieve pharmacological speci-

ficity in combination with anatomical and temporal resolution

(Figure 2). Pharmacogenetic approaches hold great promise but

have yet to be brought to bear on functional dissociations between

mPFC sub-regions. Optogenetics are also likely to become an

important convergent method, to identify specific circuits with

fine temporal resolution (Narayanan et al., 2012; Aston-Jones and

Deisseroth, 2013). Moreover, even quite complex animal learn-

ing designs have been successfully adapted such that they can be

examined using optogenetics (Steinberg et al., 2013).

Taken in isolation, the conventional lesion methods which

have been a first line of approach may suggest that a partic-

ular mPFC sub-region is not necessary for a particular aspect

of function. Potentially, the most striking dissociation emerg-

ing is that between AC and IL which seem to play differen-

tial roles in attentional and executive processes, respectively.

However, for the most part, lesions and other interventions

made at AC vs. IL placements have not been systematically

compared. The ambiguity surrounding the delineation of PL

function may also relate to the relatively large number of stud-

ies which have targeted this structure non-selectively (Table 1).

Moreover, where any such interventions are without effect, this

need not exclude a neuromodulatory role, for example medi-

ated by a particular DA receptor sub-type. Both small differences

in the placement of lesions within sub-regions and the restric-

tion of such lesions to particular neurotransmitter pathways can

result in different and even opposing patterns of behavioral

outcome.

ACKNOWLEDGMENTS

This work was supported by the Wellcome Trust (ref. 082940),

the Leverhume Trust (ref. ECF/2009/0157), and the BBSRC (ref.

BB/K004980/1). We thank Hayley Marshall for assistance with the

references.

REFERENCES
Aggleton, J. P., Keen, S., Warburton, E. C., and Bussey, T. J. (1997). Extensive

cytotoxic lesions involving both the rhinal cortices and area TE impair recog-

nition but spare spatial alternation in the rat. Brain Res. Bull. 43, 279–287. doi:

10.1016/S0361-9230(97)00007-5

Aggleton, J. P., Neave, N., Nagle, S., and Sahgal, A. (1995). A comparison of the

effects of medial prefrontal, cingulate cortex, and cingulum bundle lesions on

tests of spatial memory: evidence of a double dissociation between frontal and

cingulum bundle contributions. J. Neurosci. 15, 7270–7281.

Anderson, S. M., Bari, A. A., and Pierce, R. C. (2003). Administration of the D1-like

dopamine receptor antagonist SCH-23390 into the medial nucleus accum-

bens shell attenuates cocaine priming- induced reinstatement of drug-seeking

behavior in rats. Psychopharmacology (Berl.) 168, 132–138. doi: 10.1007/s00213-

002-1298-5

Andreasen, N. C., Rezai, K., Alliger, R., Swayze, V. W., Flaum, M., Kirchner,

P., et al. (1992). Hypofrontality in neuroleptic-naive patients and in patients

with chronic schizophrenia. Assessment with xenon 133 single-photon emis-

sion computed tomography and the Tower of London. Arch. Gen. Psychiatry 49,

943–958. doi: 10.1001/archpsyc.1992.01820120031006

Apud, J. A., and Weinberger, D. R. (2006). Pharmacogenetic tools for the develop-

ment of target-oriented cognitive-enhancing drugs. NeuroRx 3, 106–116. doi:

10.1016/j.nurx.2005.12.004

Arnsten, A. F. (1998). Catecholamine modulation of prefrontal cortical cognitive

function. Trends Cogn. Sci. 2, 436–447. doi: 10.1016/S1364-6613(98)01240-6

Aston-Jones, G., and Deisseroth, K. (2013). Recent advances in optogenetics and

pharmacogenetics. Brain Res. 1511, 1–5. doi: 10.1016/j.brainres.2013.01.026

Barch, D. M., Carter, C. S., Braver, T. S., Sabb, F. W., MacDonald, A., Noll, D.

C., et al. (2001). Selective deficits in prefrontal cortex function in medication-

naive patients with schizophrenia. Arch. Gen. Psychiatry 58, 280–288. doi:

10.1001/archpsyc.58.3.280

Barker, G. R., Bird, F., Alexander, V., and Warburton, E. C. (2007). Recognition

memory for objects, place, and temporal order: a disconnection analysis of

the role of the medial prefrontal cortex and perirhinal cortex J. Neurosci. 27,

2948–2957. doi: 10.1523/JNEUROSCI.5289-06.2007

Barker, G. R., and Warburton, E. C. (2011). Evaluating the neural basis of temporal

order memory for visual stimuli in the rat. Eur. J. Neurosci. 33, 705–716. doi:

10.1111/j.1460-9568.2010.07555.x

Bay-Richter, C., O’Callaghan, M. J., Mathur, N., O’Tuathaigh, C. M. P., Heery, D.,

Fone, M., et al. (2013). D-amphetamine and antipsychotic drug effects on latent

inhibition in mice lacking dopamine D-2 receptors. Neuropsychopharmacology

38, 1512–1520. doi: 10.1038/npp.2013.50

Bay-Richter, C., O’Tuathaigh, C. M., O’Sullivan, G., Heery, D. M., Waddington,

J. L., and Moran, P. M. (2009). Enhanced latent inhibition in dopamine

receptor-deficient mice is sex-specific for the D1 but not D2 receptor subtype:

implications for antipsychotic drug action. Int. J. Neuropsychopharmacol. 12,

403–414. doi: 10.1017/S1461145708009656

Berendse, H. W., Galis-de Graaf, Y., and Groenewegen, H. J. (1992). Topographical

organization and relationship with ventral striatal compartments of prefrontal

corticostriatal projections in the rat. J. Comp. Neurol. 316, 314–347. doi:

10.1002/cne.903160305

Beylin, A. V., Gandhi, C. C., Wood, G. E., Talk, A. C., Matzel, L. D., and Shors,

T. J. (2001). The role of the hippocampus in trace conditioning: tempo-

ral discontinuity or task difficulty? Neurobiol. Learn. Mem. 76, 447–461. doi:

10.1006/nlme.2001.4039

Birrell, J. M., and Brown, V. J. (2000). Medial frontal cortex mediates perceptual

attentional set shifting in the rat. J. Neurosci. 20, 4320–4324.

Bissonette, G. B., Powell, E. M., and Roesch, M. R. (2013). Neural structures under-

lying set-shifting: roles of medial prefrontal cortex and anterior cingulate cortex.

Behav. Brain Res. 250, 91–101. doi: 10.1016/j.bbr.2013.04.037

Bizon, J. L., Foster, T. C., Alexander, G. E., and Glisky, E. L. (2012). Characterizing

cognitive aging of working memory and executive function in animal models.

Front. Aging Neurosci. 4:19. doi: 10.3389/fnagi.2012.00019

Bonoiu, A. C., Mahajan, S. D., Ding, H., Roy, I., Yong, K. T., Kumar, R., et al.

(2009). Nanotechnology approach for drug addiction therapy: gene silencing

using delivery of gold nanorod-siRNA nanoplex in dopaminergic neurons. Proc.

Natl. Acad. Sci. U.S.A. 106, 5546–5550. doi: 10.1073/pnas.0901715106

Boulougouris, V., and Tsaltas, E. (2008). Serotonergic and dopaminergic modula-

tion of attentional processes. Prog. Brain Res. 172, 517–542. doi: 10.1016/S0079-

6123(08)00925-4

Bromberg, A., Lerer, E., Udawela, M., Scarr, E., Dean, B., Belmaker, R. H.,

et al. (2012). Nicotinamide-N-methyltransferase (NNMT) in schizophre-

nia: genetic association and decreased frontal cortex mRNA levels. Int. J.

Neuropsychopharmacol. 15, 727–737. doi: 10.1017/S1461145711001179

Brown, M. W., and Aggleton, J. P. (2001). Recognition memory: what are the roles

of the perirhinal cortex and hippocampus? Nat. Rev. Neurosci. 2, 51–61. doi:

10.1038/35049064

Brozoski, T. J., Brown, R. M., Rosvold, H. E., and Goldman, P. S. (1979). Cognitive

deficit caused by regional depletion of dopamine in prefrontal cortex of rhesus

monkey. Science 205, 929–932. doi: 10.1126/science.112679

Bubser, M., and Schmidt, W. J. (1990). 6-Hydroxydopamine lesion of the rat

prefrontal cortex increases locomotor activity, impairs acquisition of delayed

alternation tasks, but does not affect uninterrupted tasks in the radial maze.

Behav. Brain Res. 37, 157–168. doi: 10.1016/0166-4328(90)90091-R

Burgos-Robles, A., Bravo-Rivera, H., and Quirk, G. J. (2013). Prelimbic and infral-

imbic neurons signal distinct aspects of appetitive instrumental behavior. PLoS

ONE 8:e57575. doi: 10.1371/journal.pone.0057575

Bussey, T. J., Muir, J. L., and Aggleton, J. P. (1999). Functionally dissociating

aspects of event memory: the effects of combined perirhinal and postrhinal

Frontiers in Systems Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 160 | 19

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive


Cassaday et al. Cognitive functions in pre-frontal sub-regions

cortex lesions on object and place memory in the rat. J. Neurosci. 19,

495–502.

Bussey, T. J., Muir, J. L., Everitt, B. J., and Robbins, T. W. (1997). Triple dissociation

of anterior cingulate, posterior cingulate, and medial frontal cortices on visual

discrimination tasks using a touchscreen testing procedure for the rat. Behav.

Neurosci. 111, 920–936. doi: 10.1037/0735-7044.111.5.920

Cassaday, H. J., Horsley, R. R., and Norman, C. (2005). Electrolytic lesions to

nucleus accumbens core and shell have dissociable effects on conditioning to

discrete and contextual cues in aversive and appetitive procedures respectively.

Behav. Brain Res. 160, 222–235. doi: 10.1016/j.bbr.2004.12.012

Champagne, F. A., Chretien, P., Stevenson, C. W., Zhang, T. Y., Gratton, A., and

Meaney, M. J. (2004). Variations in nucleus accumbens dopamine associated

with individual differences in maternal behavior in the rat. J. Neurosci. 24,

4117–4123. doi: 10.1523/JNEUROSCI.5322-03.2004

Chana, G., Bousman, C. A., Money, T. T., Gibbons, A., Gillett, P., Dean,

B., et al. (2013). Biomarker investigations related to pathophysiological

pathways in schizophrenia and psychosis. Front. Cell. Neurosci. 7:95. doi:

10.3389/fncel.2013.00095

Chudasama, Y., Dalley, J. W., Nathwani, F., Bouger, P., and Robbins, T. W. (2004).

Cholinergic modulation of visual attention and working memory: dissociable

effects of basal forebrain192-IgG-saporin lesions and intraprefrontal infusions

of scopolamine. Learn. Mem. 11, 78–86. doi: 10.1101/Im.70904

Chudasama, Y., Doobay, V. M., and Liu, Y. (2012). Hippocampal-prefrontal cor-

tical circuit mediates inhibitory response control in the rat. J. Neurosci. 32,

10915–10924. doi: 10.1523/JNEUROSCI.1463-12.2012

Chudasama, Y., Passetti, F., Rhodes, S. E., Lopian, D., Desai, A., and Robbins, T.

W. (2003). Dissociable aspects of performance on the 5-choice serial reaction

time task following lesions of the dorsal anterior cingulate, infralimbic and

orbitofrontal cortex in the rat: differential effects on selectivity, impulsivity and

compulsivity. Behav. Brain Res. 146, 105–119. doi: 10.1016/j.bbr.2003.09.020

Chudasama, Y., and Robbins, T. W. (2004). Dopaminergic modulation of

visual attention and working memory in the rodent prefrontal cortex.

Neuropsychopharmacology 29, 1628–1636. doi: 10.1038/sj.npp.1300490

Chudasama, Y., and Robbins, T. W. (2006). Functions of frontostriatal systems in

cognition: comparative neuropsychopharmacological studies in rats, monkeys

and humans. Biol. Psychol. 73, 19–38. doi: 10.1016/j.biopsycho.2006.01.005

Coutureau, E., Galani, R., Gosselin, O., Majchrzak, M., and Di Scala, G. (1999).

Entorhinal but not hippocampal or subicular lesions disrupt latent inhibition

in rats. Neurobiol. Learn. Mem. 72, 143–157. doi: 10.1006/nlme.1998.3895

Csoka, A. B., and Szyf, M. (2009). Epigenetic side-effects of common pharmaceu-

ticals: a potential new field in medicine and pharmacology. Med. Hypotheses 73,

770–780. doi: 10.1016/j.mehy.2008.10.039

Dalley, J. W., Cardinal, R. N., and Robbins, T. W. (2004). Prefrontal executive and

cognitive functions in rodents: neural and neurochemical substrates. Neurosci.

Biobehav. Rev. 28, 771–784. doi: 10.1016/j.neubiorev.2004.09.006

Dalley, J. W., Theobald, D. E., Berry, D., Milstein, J. A., Laane, K., Everitt,

B. J., et al. (2005). Cognitive sequelae of intravenous amphetamine self-

administration in rats: evidence for selective effects on attentional performance.

Neuropsychopharmacology 30, 525–537. doi: 10.1038/sj.npp.1300590

Dalley, J. W., Theobald, D. E., Eagle, D. M., Passetti, F., and Robbins, T. W.

(2002a). Deficits in impulse control associated with tonically-elevated seroton-

ergic function in rat prefrontal cortex. Neuropsychopharmacology 26, 716–728.

doi: 10.1016/S0893-133X(01)00412-2

Dalley, J. W., Theobald, D. E., Pereira, E. A., Li, P. M., and Robbins, T. W.

(2002b). Specific abnormalities in serotonin release in the prefrontal cortex

of isolation-reared rats measured during behavioural performance of a task

assessing visuospatial attention and impulsivity. Psychopharmacology (Berl.)

164, 329–340. doi: 10.1007/s00213-002-1215-y

de Bruin, J. P., Sanchez-Santed, F., Heinsbroek, R. P., Donker, A., and Postmes, P.

(1994). A behavioural analysis of rats with damage to the medial prefrontal cor-

tex using the Morris water maze: evidence for behavioural flexibility, but not

for impaired spatial navigation. Brain. Res. 652, 323–333. doi: 10.1016/0006-

8993(94)90243-7

de Bruin, N. M., Ellenbroek, B. A., van Luijtelaar, E. L., Cools, A. R., and Stevens,

K. E. (2001). Hippocampal and cortical sensory gating in rats: effects of quin-

pirole microinjections in nucleus accumbens core and shell. Neuroscience 105,

169–180. doi: 10.1016/S0306-4522(01)00183-X

de Lima, M. N. M., Presti-Torres, J., Dornelles, A., Scalco, F. S., Roesler, R.,

Garcia, V. A., et al. (2011). Modulatory influence of dopamine receptors

on consolidation of object recognition memory. Neurobiol. Learn. Mem. 95,

305–310. doi: 10.1016/j.nlm.2010.12.007

Dere, E., Huston, J. P., and De Souza Silva, M. A. (2007). The pharmacology,

neuroanatomy and neurogenetics of one-trial object recognition in rodents.

Neurosci. Biobehav. Rev. 31, 673–704. doi: 10.1016/j.neubiorev.2007.01.005

Deutch, A. Y., Clark, W. A., and Roth, R. H. (1990). Prefrontal cortical dopamine

depletion enhances the responsiveness of mesolimbic dopamine neurons to

stress. Brain Res. 521, 311–315. doi: 10.1016/0006-8993(90)91557-W

Dix, S. L., and Aggleton, J. P. (1999). Extending the spontaneous preference test of

recognition: evidence of object-location and object-context recognition. Behav.

Brain Res. 99, 191–200. doi: 10.1016/S0166-4328(98)00079-5

Edeline, J. M., Hars, B., Hennevin, E., and Cotillon, N. (2002). Muscimol diffusion

after intracerebral microinjections: a reevaluation based on electrophysiological

and autoradiographic quantifications. Neurobiol. Learn. Mem. 78, 100–124. doi:

10.1006/nlme.2001.4035

Ellenbroek, B. A., Budde, S., and Cools, A. R. (1996). Prepulse inhibition and latent

inhibition: the role of dopamine in the medial prefrontal cortex. Neuroscience

75, 535–542. doi: 10.1016/0306-4522(96)00307-7

Ennaceur, A. (2010). One-trial object recognition in rats and mice: method-

ological and theoretical issues. Behav. Brain Res. 215, 244–254. doi:

10.1016/j.bbr.2009.12.036

Ennaceur, A., and Delacour, J. (1988). A new one-trial test for neurobiological

studies of memory in rats. 1: behavioral data. Behav. Brain Res. 31, 47–59. doi:

10.1016/0166-4328(88)90157-X

Ennaceur, A., Neave, N., and Aggleton, J. P. (1997). Spontaneous object recogni-

tion and object location memory in rats: the effects of lesions in the cingulate

cortices, the medial prefrontal cortex, the cingulum bundle and the fornix. Exp.

Brain Res. 113, 509–519. doi: 10.1007/PL00005603

Fenton, G. E., Pollard, A. K., Halliday, D. M., Mason, R., Bredy, T. W., and

Stevenson, C. W. (2014). Persistent prelimbic cortex activity contributes to

enhanced learned fear expression in females. Learn. Mem. 21, 55–60. doi:

10.1101/lm.033514.113

Fisk, G. D., and Wyss, J. M. (1999). Associational projections of the anterior midline

cortex in the rat: intracingulate and retrosplenial connections. Brain Res, 825,

1–13. doi: 10.1016/S0006-8993(99)01182-8

Fletcher, P. J., Tenn, C. C., Sinyard, J., Rizos, Z., and Kapur, S. (2007). A sensitizing

regimen of amphetamine impairs visual attention in the 5-choice serial reaction

time test: reversal by a D1 receptor agonist injected into the medial prefrontal

cortex. Neuropsychopharmacology 32, 1122–1132. doi: 10.1038/sj.npp.1301221

Floresco, S. B., Ghods-Sharifi, S., Vexelman, C., and Magyar, O. (2006a). Dissociable

roles for the nucleus accumbens core and shell in regulating set shifting.

J. Neurosci. 26, 2449–2457. doi: 10.1523/JNEUROSCI.4431-05.2006

Floresco, S. B., Magyar, O., Ghods-Sharifi, S., Vexelman, C., and Tse, M. T.

(2006b). Multiple dopamine receptor subtypes in the medial prefrontal cor-

tex of the rat regulate set-shifting. Neuropsychopharmacology 31, 297–309. doi:

10.1038/sj.npp.1300825

Fuster, J. M. (2001). The prefrontal cortex-an update: time is of the essence. Neuron

30, 319–333. doi: 10.1016/S0896-6273(01)00285-9

Gabbott, P. L., Warner, T. A., Jays, P. R., Salway, P., and Busby, S. J. (2005). Prefrontal

cortex in the rat: projections to subcortical autonomic, motor, and limbic

centers. J. Comp. Neurol. 492, 145–177. doi: 10.1002/cne.20738

Gal, G., Schiller, D., and Weiner, I. (2005). Latent inhibition is disrupted by

nucleus accumbens shell lesion but is abnormally persistent following entire

nucleus accumbens lesion: the neural site controlling the expression and dis-

ruption of the stimulus preexposure effect. Behav. Brain Res. 162, 246–255. doi:

10.1016/j.bbr.2005.03.019

George, D. N., Duffaud, A. M., Pothuizen, H. H., Haddon, J. E., and Killcross,

S. (2010). Lesions to the ventral, but not the dorsal, medial prefrontal cortex

enhance latent inhibition. Eur. J. Neurosci. 31, 1474–1482. doi: 10.1111/j.1460-

9568.2010.07178.x

Gilmartin, M. R., Balderston, N. L., and Helmstetter, F. J. (2014). Prefrontal corti-

cal regulation of fear learning. Trends Neurosci. 37, 455–464. doi: 10.1016/j.tins.

2014.05.004

Gilmartin, M. R., and McEchron, M. D. (2005). Single neurons in the medial

prefrontal cortex of the rat exhibit tonic and phasic coding during trace fear

conditioning. Behav. Neurosci. 119, 1496–1510. doi: 10.1037/0735-7044.119.

6.1496

Goldman-Rakic, P. S. (1995). Cellular basis of working memory. Neuron 14,

477–485. doi: 10.1016/0896-6273(95)90304-6

Frontiers in Systems Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 160 | 20

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive


Cassaday et al. Cognitive functions in pre-frontal sub-regions

Goldman-Rakic, P. S. (1998). The cortical dopamine system: role in memory and

cognition. Adv. Pharmacol. 42, 707–711. doi: 10.1016/S1054-3589(08)60846-7

Gonzalez-Islas, C., and Hablitz, J. J. (2003). Dopamine enhances EPSCs in layer

II-III pyramidal neurons in rat prefrontal cortex. J. Neurosci. 23, 867–875.

Granon, S., Passetti, F., Thomas, K. L., Dalley, J. W., Everitt, B. J., and Robbins,

T. W. (2000). Enhanced and impaired attentional performance after infusion

of D1 dopaminergic receptor agents into rat prefrontal cortex. J. Neurosci. 20,

1208–1215.

Granon, S., Save, E., Buhot, M. C., and Poucet, B. (1996). Effortful information pro-

cessing in a spontaneous spatial situation by rats with medial prefrontal lesions.

Behav. Brain Res. 78, 147–154. doi: 10.1016/0166-4328(95)00242-1

Greengard, P. (2001). The neurobiology of slow synaptic transmission. Science 294,

1024–1030. doi: 10.1126/science.294.5544.1024

Han, C. J., O’Tuathaigh, C. M., van Trigt, L., Quinn, J. J., Fanselow, M. S., Mongeau,

R., et al. (2003). Trace but not delay fear conditioning requires attention and the

anterior cingulate cortex. Proc. Natl. Acad. Sci. U.S.A. 100, 13087–13092. doi:

10.1073/pnas.2132313100

Hannesson, D. K., Howland, J. G., and Phillips, A. G. (2004a). Interaction between

perirhinal and medial prefrontal cortex is required for temporal order but

not recognition memory for objects in rats. J. Neurosci. 24, 4596–4604. doi:

10.1523/JNEUROSCI.5517-03.2004

Hannesson, D. K., Vacca, G., Howland, J. G., and Phillips, A. G. (2004b). Medial

prefrontal cortex is involved in spatial temporal order memory but not spatial

recognition memory in tests relying on spontaneous exploration in rats. Behav.

Brain Res. 153, 273–285. doi: 10.1016/j.bbr.2003.12.004

Hardt, O., Migues, P. V., Hastings, M., Wong, J., and Nader, K. (2009). PKMzeta

maintains 1-day- and 6-day-old long-term object location but not object iden-

tity memory in dorsal hippocampus. Hippocampus 20, 691–695. doi: 10.1002/

hipo.20708

Hattori, S., Yoon, T., Disterhoft, J. F., and Weiss, C. (2014). Functional reorganiza-

tion of a prefrontal cortical network mediating consolidation of trace eyeblink

conditioning. J. Neurosci. 34, 1432–1445. doi: 10.1523/JNEUROSCI.4428-13.

2014

Heidbreder, C. A., and Groenewegen, H. J. (2003). The medial prefrontal cortex

in the rat: evidence for a dorso-ventral distinction based upon functional and

anatomical characteristics. Neurosci. Biobehav. Rev. 27, 555–579. doi: 10.1016/j.

neubiorev.2003.09.003

Hommel, J. D., Sears, R. M., Georgescu, D., Simmons, D. L., and DiLeone,

R. J. (2003). Local gene knockdown in the brain using viral-mediated RNA

interference. Nat. Med. 9, 1539–1544. doi: 10.1038/nm964

Honey, R. C., and Good, M. (1993). Selective hippocampal lesions abolish the con-

textual specificity of latent inhibition and conditioning. Behav. Neurosci. 107,

23–33. doi: 10.1037/0735-7044.107.1.23

Hoover, W. B., and Vertes, R. P. (2007). Anatomical analysis of afferent projections

to the medial prefrontal cortex in the rat. Brain Struct. Funct. 212, 149–179. doi:

10.1007/s00429-007-0150-4

Hoplight, B. J., Sandygren, N. A., and Neumaier, J. F. (2006). Increased expres-

sion of 5-HT1B receptors in rat nucleus accumbens via virally mediated

gene transfer increases voluntary alcohol consumption. Alcohol 38, 73–79. doi:

10.1016/j.alcohol.2006.04.003

Horsley, R. R., and Cassaday, H. J. (2007). Methylphenidate can reduce selectivity in

associative learning in an aversive trace conditioning task. J. Psychopharmacol.

21, 492–500. doi: 10.1177/0269881106067381

Hunsberger, J. G., Austin, D. R., Chen, G., and Manji, H. K. (2009).

MicroRNAs in mental health: from biological underpinnings to poten-

tial therapies. Neuromolecular Med. 11, 173–182. doi: 10.1007/s12017-009-

8070-5

Joel, D., Weiner, I., and Feldon, J. (1997). Electrolytic lesions of the medial pre-

frontal cortex in rats disrupt performance on an analog of the Wisconsin

Card Sorting Test, but do not disrupt latent inhibition: implications for animal

models of schizophrenia. Behav. Brain Res. 85, 187–201. doi: 10.1016/S0166-

4328(97)87583-3

Johnson, K., Churchill, L., Klitenick, M. A., Hooks, M. S., and Kalivas, P. W.

(1996). Involvement of the ventral tegmental area in locomotion elicited from

the nucleus accumbens or ventral pallidum. J. Pharmacol. Exp. Ther. 277,

1122–1131.

Jongen-Relo, A. L., and Feldon, J. (2002). Specific neuronal protein: a new tool for

histological evaluation of excitotoxic lesions. Physiol. Behav. 76, 449–456. doi:

10.1016/S0031-9384(02)00732-1

Kalmbach, B. E., Ohyama, T., Kreider, J. C., Riusech, F., and Mauk, M. D. (2009).

Interactions between prefrontal cortex and cerebellum revealed by trace eyelid

conditioning. Learn. Mem. 16, 86–95. doi: 10.1101/lm.1178309

Kantini, E., Norman, C., and Cassaday, H. J. (2004). Amphetamine decreases the

expression and acquisition of appetitive conditioning but increases the acqui-

sition of anticipatory responding over a trace interval. J. Psychopharmacol. 18,

516–526. doi: 10.1177/0269881104047279

Kehagia, A. A., Murray, G. K., and Robbins, T. W. (2010). Learning and cognitive

flexibility: frontostriatal function and monoaminergic modulation. Curr. Opin.

Neurobiol. 20, 199–204. doi: 10.1016/j.conb.2010.01.007

Kesner, R. P. (1989). Retrospective and prospective coding of information: role

of the medial prefrontal cortex. Exp. Brain Res. 74, 163–167. doi: 10.1007/

BF00248289

Kesner, R. P., and Churchwell, J. C. (2011). An analysis of rat prefrontal cor-

tex in mediating executive function. Neurobiol. Learn. Mem. 96, 417–431. doi:

10.1016/j.nlm.2011.07.002

Kesner, R. P., Farnsworth, G., and DiMattia, B. V. (1989). Double dissociation of

egocentric and allocentric space following medial prefrontal and parietal cortex

lesions in the rat. Behav. Neurosci. 103, 956–961. doi: 10.1037/0735-7044.103.

5.956

Kesner, R. P., and Holbrook, T. (1987). Dissociation of item and order spatial

memory in rats following medial prefrontal cortex lesions. Neuropsychologia 25,

653–664. doi: 10.1016/0028-3932(87)90056-X

Killcross, S., and Coutureau, E. (2003). Coordination of actions and habits in the

medial prefrontal cortex of rats. Cereb. Cortex 13, 400–408. doi: 10.1093/cer-

cor/13.4.400

Knable, M. B., Hyde, T. M., Murray, A. M., Herman, M. M., and Kleinman, J.

E. (1996). A postmortem study of frontal cortical dopamine D1 receptors in

schizophrenics, psychiatric controls, and normal controls. Biol. Psychiatry 40,

1191–1199. doi: 10.1016/S0006-3223(96)00116-3

Kolb, B., Sutherland, R. J., and Whishaw, I. Q. (1983). A comparison of the con-

tributions of the frontal and parietal association cortex to spatial localization in

rats. Behav. Neurosci. 97, 13–27. doi: 10.1037/0735-7044.97.1.13

Kronforst-Collins, M. A., and Disterhoft, J. F. (1998). Lesions of the caudal area of

rabbit medial prefrontal cortex impair trace eyeblink conditioning. Neurobiol.

Learn. Mem. 69, 147–162. doi: 10.1006/nlme.1997.3818

Lacroix, L., Broersen, L. M., Feldon, J., and Weiner, I. (2000a). Effects of local infu-

sions of dopaminergic drugs into the medial prefrontal cortex of rats on latent

inhibition, prepulse inhibition and amphetamine induced activity. Behav. Brain

Res, 107, 111–121. doi: 10.1016/S0166-4328(99)00118-7

Lacroix, L., Broersen, L. M., Weiner, I., and Feldon, J. (1998). The effects of excito-

toxic lesion of the medial prefrontal cortex on latent inhibition, prepulse inhibi-

tion, food hoarding, elevated plus maze, active avoidance and locomotor activity

in the rat. Neuroscience 84, 431–442. doi: 10.1016/S0306-4522(97)00521-6

Lacroix, L., Spinelli, S., White, W., and Feldon, J. (2000b). The effects of ibotenic

acid lesions of the medial and lateral prefrontal cortex on latent inhibition, pre-

pulse inhibition and amphetamine-induced hyperlocomotion. Neuroscience 97,

459–468. doi: 10.1016/S0306-4522(00)00013-0

Lauzon, N. M., Bishop, S. F., and Laviolette, S. R. (2009). Dopamine D1 versus D4

receptors differentially modulate the encoding of salient versus nonsalient emo-

tional information in the medial prefrontal cortex. J. Neurosci. 29, 4836–4845.

doi: 10.1523/JNEUROSCI.0178-09.2009

Li, Y. -T., Wickens, J. R., Huang, Y. -L., Pan, W. H. T., Chen, F. -Y. B., and Chen, J. -J.

J. (2013). Integrated wireless fast-scan cyclic voltammetry recording and elec-

trical stimulation for reward-predictive learning in awake, freely moving rats.

J. Neural Eng. 10:046007 doi: 10.1088/1741-2560/10/4/046007

Lindvall, O., Bjorklund, A., Moore, R. Y., and Stenevi, U. (1974). Mesencephalic

dopamine neurons projecting to neocortex. Brain Res. 81, 325–331. doi:

10.1016/0006-8993(74)90947-0

Lubow, R. E., and Moore, A. U. (1959). Latent inhibition: the effect of non-

reinforced pre-exposure to the conditional stimulus. J. Comp. Physiol. Psychol.

52, 415–419. doi: 10.1037/h0046700

Lubow, R. E., and Weiner, I. (2010). “Issues in latent inhibition research and the-

ory: an overview,” in Latent Inhibition: Cognition, Neuroscience and Applications

to Schizophrenia, eds R. E. Lubow and I. Weiner (Cambridge: Cambridge

University Press), 531–557. doi: 10.1017/CBO9780511730184.023

Lustig, C., Kozak, R., Sarter, M., Young, J. W., and Robbins, T. W. (2013). CNTRICS

final animal model task selection: control of attention. Neurosci. Biobehav. Rev.

37(9 pt B), 2099–2110. doi: 10.1016/j.neubiorev.2012.05.009

Frontiers in Systems Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 160 | 21

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive


Cassaday et al. Cognitive functions in pre-frontal sub-regions

McEchron, M. D., Tseng, W., and Disterhoft, J. F. (2000). Neurotoxic lesions

of the dorsal hippocampus disrupt auditory-cued trace heart rate (fear)

conditioning in rabbits. Hippocampus 10, 739–751. doi: 10.1002/1098-

1063(2000)10:6<739::AID-HIPO1011>3.0.CO;2-I

McFarland, K., and Kalivas, P. W. (2001). The circuitry mediating cocaine-induced

reinstatement of drug-seeking behavior. J. Neurosci. 21, 8655–8663.

McGaughy, J., Ross, R. S., and Eichenbaum, H. (2008). Noradrenergic, but not

cholinergic, deafferentation of prefrontal cortex impairs attentional set-shifting.

Neuroscience 153, 63–71. doi: 10.1016/j.neuroscience.2008.01.064

McLaughlin, J., Skaggs, H., Churchwell, J., and Powell, D. A. (2002). Medial pre-

frontal cortex and pavlovian conditioning: trace versus delay conditioning.

Behav. Neurosci. 116, 37–47. doi: 10.1037/0735-7044.116.1.37

Mitchell, J. B., and Laiacona, J. (1998). The medial frontal cortex and temporal

memory: tests using spontaneous exploratory behaviour in the rat. Behav. Brain

Res. 97, 107–113. doi: 10.1016/S0166-4328(98)00032-1

Muir, J. L. (1996). Attention and stimulus processing in the rat. Cogn. Brain Res. 3,

215–225. doi: 10.1016/0926-6410(96)00008-0

Murphy, E. R., Fernando, A. B., Urcelay, G. P., Robinson, E. S., Mar, A. C., Theobald,

D. E., et al. (2012). Impulsive behaviour induced by both NMDA receptor antag-

onism and GABAA receptor activation in rat ventromedial prefrontal cortex.

Psychopharmacology (Berl.) 219, 401–410. doi: 10.1007/s00213-011-2572-1

Nagai, T., Takuma, K., Kamei, H., Ito, Y., Nakamichi, N., Ibi, D., et al. (2007).

Dopamine D1 receptors regulate protein synthesis-dependent long-term recog-

nition memory via extracellular signal-regulated kinase 1/2 in the prefrontal

cortex. Learn. Mem. 14, 117–125. doi: 10.1101/lm.461407

Naneix, F., Marchand, A. R., Di Scala, G., Pape, J. R., and Coutureau, E. (2009). A

role for medial prefrontal dopaminergic innervation in instrumental condition-

ing. J. Neurosci. 29, 6599–6606. doi: 10.1523/JNEUROSCI.1234-09.2009

Narayanan, N. S., Cavanagh, J. F., Frank, M. J., and Laubach, M. (2013). Common

medial frontal mechanisms of adaptive control in humans and rodents. Nat.

Neurosci. 16, 1888–1895. doi: 10.1038/nn.3549

Narayanan, N. S., Land, B. B., Solder, J. E., Deisseroth, K., and DiLeone, R. J. (2012).

Prefrontal D1 dopamine signaling is required for temporal control. Proc. Natl.

Acad. Sci. U.S.A. 109, 20726–20731. doi: 10.1073/pnas.1211258109

Nelson, A. J., Cooper, M. T., Thur, K. E., Marsden, C. A., and Cassaday, H.

J. (2011a). The effect of catecholaminergic depletion within the prelimbic

and infralimbic medial prefrontal cortex on recognition memory for recency,

location and objects. Behav. Neurosci. 125, 396–403. doi: 10.1037/a0023337

Nelson, A. J., Thur, K. E., and Cassaday, H. J. (2012). Dopamine D1

receptor involvement in latent inhibition and overshadowing. Int. J.

Neuropsychopharmacol. 15, 1513–1523. doi: 10.1017/S1461145711001751

Nelson, A. J., Thur, K. E., Horsley, R. R., Spicer, C., Marsden, C. A., and Cassaday, H.

J. (2011b). Reduced dopamine function within the medial shell of the nucleus

accumbens enhances latent inhibition. Pharmacol. Biochem. Behav. 98, 1–7. doi:

10.1016/j.pbb.2010.11.025

Nelson, A. J., Thur, K. E., Marsden, C. A., and Cassaday, H. J. (2010).

Catecholaminergic depletion within the prelimbic medial prefrontal cor-

tex enhances latent inhibition. Neuroscience 170, 99–106. doi: 10.1016/j.

neuroscience.2010.06.066

Nelson, A. J., Thur, K. E., Marsden, C. A., and Cassaday, H. J. (2011c). Dopamine

in nucleus accumbens: salience modulation in latent inhibition and overshad-

owing. J. Psychopharmacol. 25, 1649–1660. doi: 10.1177/0269881110389211

Nelson, A. J., Thur, K. E., Spicer, C., Marsden, C. A., and Cassaday, H. J. (2011d).

Catecholaminergic depletion in nucleus accumbens enhances trace condition-

ing. Adv. Med. Sci. 56, 71–79. doi: 10.2478/v10039-011-0014-2

Neumaier, J. F., Vincow, E. S., Arvanitogiannis, A., Wise, R. A., and Carlezon,

W. A. (2002). Elevated expression of 5-HT1B receptors in nucleus accumbens

efferents sensitizes animals to cocaine. J. Neurosci. 22, 10856–10863.

Norman, C., and Cassaday, H. J. (2003). Amphetamine increases aversive con-

ditioning to diffuse contextual stimuli and to a discrete trace stimulus when

conditioned at higher footshock intensity. J. Psychopharmacol. 17, 67–76. doi:

10.1177/0269881103017001701

O’Connor, J. J., and Lowry, J. P. (2012). A comparison of the effects of the

dopamine partial agonists aripiprazole and (-)-3-PPP with quinpirole on stimu-

lated dopamine release in the rat striatum: studies using fast cyclic voltammetry

in vitro. Eur. J. Pharmacol. 686, 60–65. doi: 10.1016/j.ejphar.2012.04.046

Oswald, B. B., Maddox, S. A., and Powell, D. A. (2008). Prefrontal control of trace

eyeblink conditioning in rabbits: role in retrieval of the CR? Behav. Neurosci.

122, 841–848. doi: 10.1037/0735-7044.122.4.841

Oswald, B. B., Maddox, S. A., Tisdale, N., and Powell, D. A. (2010). Encoding

and retrieval are differentially processed by the anterior cingulate and prelimbic

cortices: a study based on trace eyeblink conditioning in the rabbit. Neurobiol.

Learn. Mem. 93, 37–45. doi: 10.1016/j.nlm.2009.08.001

Paine, T. A., Slipp, L. E., and Carlezon, W. A. Jr. (2011). Schizophrenia-like

attentional deficits following blockade of prefrontal cortex GABAA receptors.

Neuropsychopharmacology. 36, 1703–1713. doi: 10.1038/npp.2011.51

Park, J., Aragona, B. J., Kile, B. M., Carelli, R. M., and Wightman, R. M.

(2010). In vivo voltammetric monitoring of catecholamine release in sub-

territories of the nucleus accumbens shell. Neuroscience 169, 132–142. doi:

10.1016/j.neuroscience.2010.04.076

Park, J., Takmakov, P., and Wightman, R. M. (2011). In vivo comparison of

norepinephrine and dopamine release in rat brain by simultaneous measure-

ments with fast-scan cyclic voltammetry. J. Neurochem. 119, 932–944. doi:

10.1111/j.1471-4159.2011.07494.x

Parker, K. L., Alberico, S. L., Miller, A. D., and Narayanan, N. S. (2013a).

Prefrontal D1 dopamine signaling is necessary for temporal expecta-

tion during reaction time performance. Neuroscience 255, 246–254. doi:

10.1016/j.neuroscience.2013.09.057

Parker, K. L., Lamichhane, D., Caetano, M. S., and Narayanan, N. S. (2013b).

Executive dysfunction in Parkinson’s disease and timing deficits. Front. Integr.

Neurosci. 7:75. doi: 10.3389/fnint.2013.00075

Passetti, F., Chudasama, Y., and Robbins, T. W. (2002). The frontal cortex of the rat

and visual attentional performance: dissociable functions of distinct medial pre-

frontal subregions. Cereb. Cortex 12, 1254–1268. doi: 10.1093/cercor/12.12.1254

Pehrson, A. L., Bondi, C. O., Totah, N. K., and Moghaddam, B. (2013). The

influence of NMDA and GABA(A) receptors and glutamic acid decarboxy-

lase (GAD) activity on attention. Psychopharmacology (Berl.) 225, 31–39. doi:

10.1007/s00213-012-2792-z

Pezze, M. A., Bast, T., and Feldon, J. (2003). Significance of dopamine transmis-

sion in the rat medial prefrontal cortex for conditioned fear. Cereb. Cortex 13,

371–380. doi: 10.1093/cercor/13.4.371

Pezze, M. A., Dalley, J. W., and Robbins, T. W. (2007). Differential roles

for dopamine D1 and D2 dopamine receptors in the nucleus accumbens

in attentional performance on the five choice serial reaction time task.

Neuropsychopharmacology 32, 273–283. doi: 10.1038/sj.npp.1301073

Pezze, M. A., Dalley, J. W., and Robbins, T. W. (2009). Remediation of atten-

tional dysfunction in rats with lesions of the medial prefrontal cortex by

intra-accumbens administration of the dopamine D(2/3) receptor antagonist

sulpiride. Psychopharmacology (Berl.) 202, 307–313. doi: 10.1007/s00213-008-

1384-4

Pezze, M., McGarrity, S., Mason, R., Fone, K. C., and Bast, T. (2014). Too little and

too much: hypoactivation and disinhibition of medial prefrontal cortex cause

attentional deficits. J. Neurosci. 34, 7931–7946. doi: 10.1523/JNEUROSCI.3450-

13.2014

Puumala, T., and Sirvio, J. (1998). Changes in activities of dopamine and serotonin

systems in the frontal cortex underlie poor choice accuracy and impulsivity

of rats in an attention task. Neuroscience 83, 489–499. doi: 10.1016/S0306-

4522(97)00392-8

Quinn, J. J., Oommen, S. S., Morrison, G. E., and Fanselow, M. S. (2002). Post-

training excitotoxic lesions of the dorsal hippocampus attenuate forward trace,

backward trace, and delay fear conditioning in a temporally specific manner.

Hippocampus 12, 495–504. doi: 10.1002/hipo.10029

Ragozzino, M. E. (2002). The effects of dopamine D(1) receptor blockade in the

prelimbic-infralimbic areas on behavioral flexibility. Learn. Mem. 9, 18–28. doi:

10.1101/lm.45802

Ragozzino, M. E. (2007). The contribution of the medial prefrontal cortex,

orbitofrontal cortex, and dorsomedial striatum to behavioral flexibility. Ann.

N.Y. Acad. Sci. U.S.A. 1121, 355–375. doi: 10.1196/annals.1401.013

Ragozzino, M. E., Adams, S., and Kesner, R. P. (1998). Differential involvement

of the dorsal anterior cingulate and prelimbic-infralimbic areas of the rodent

prefrontal cortex in spatial working memory. Behav. Neurosci. 112, 293–303.

doi: 10.1037/0735-7044.112.2.293

Ragozzino, M. E., Detrick, S., and Kesner, R. P. (1999). Involvement of the

prelimbic-infralimbic areas of the rodent prefrontal cortex in behavioral flex-

ibility for place and response learning. J. Neurosci. 19, 4585–4594.

Rainer, G., and Miller, E. K. (2000). Effects of visual experience on the rep-

resentation of objects in the prefrontal cortex. Neuron 27, 179–189. doi:

10.1016/S0896-6273(00)00019-2

Frontiers in Systems Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 160 | 22

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive


Cassaday et al. Cognitive functions in pre-frontal sub-regions

Rainer, G., and Miller, E. K. (2002). Timecourse of object-related neural activity in

the primate prefrontal cortex during a short-term memory task. Eur. J. Neurosci.

15, 1244–1254. doi: 10.1046/j.1460-9568.2002.01958.x

Rao, S. G., Williams, G. V., and Goldman-Rakic, P. S. (2000). Destruction and

creation of spatial tuning by disinhibition: GABA(A) blockade of prefrontal

cortical neurons engaged by working memory. J. Neurosci. 20, 485–494.

Risterucci, C., Terramorsi, D., Nieoullon, A., and Amalric, M. (2003). Excitotoxic

lesions of the prelimbic-infralimbic areas of the rodent prefrontal cortex

disrupt motor preparatory processes. Eur. J. Neurosci. 17, 1498–1508. doi:

10.1046/j.1460-9568.2003.02541.x

Robbins, T. W. (2000). Chemical neuromodulation of frontal-executive func-

tions in humans and other animals. Exp. Brain Res. 133, 130–138. doi:

10.1007/s002210000407

Robbins, T. W. (2002). The 5-choice serial reaction time task: behavioural phar-

macology and functional neurochemistry. Psychopharmacology (Berl.) 163,

362–380. doi: 10.1007/s00213-002-1154-7

Robbins, T. W., Granon, S., Muir, J. L., Durantou, F., Harrison, A., and Everitt,

B. J. (1998). Neural systems underlying arousal and attention. Implications

for drug abuse. Ann. N.Y. Acad. Sci. U.S.A. 846, 222–237. doi: 10.1111/j.1749-

6632.1998.tb09740.x

Robbins, T. W., and Roberts, A. C. (2007). Differential regulation of fronto-

executive function by the monoamines and acetylcholine. Cereb. Cortex

17(Suppl. 1), 151–160. doi: 10.1093/cercor/bhm066

Rosin, D. L., Clark, W. A., Goldstein, M., Roth, R. H., and Deutch, A. Y.

(1992). Effects of 6-hydroxydopamine lesions of the prefrontal cortex on tyro-

sine hydroxylase activity in mesolimbic and nigrostriatal dopamine systems.

Neuroscience 48, 831–839. doi: 10.1016/0306-4522(92)90271-3

Rossato, J. I., Radiske, A., Kohler, C. A., Gonzalez, C., Bevilaqua, L. R., Medina, J.

H., et al. (2013). Consolidation of object recognition memory requires simul-

taneous activation of dopamine D/D receptors in the amygdala and medial

prefrontal cortex but not in the hippocampus. Neurobiol. Learn. Mem. 106,

66–70. doi: 10.1016/j.nlm.2013.07.012

Runyan, J. D., Moore, A. N., and Dash, P. K. (2004). A role for prefrontal cortex

in memory storage for trace fear conditioning. J. Neurosci. 24, 1288–1295. doi:

10.1523/JNEUROSCI.4880-03.2004

Sawaguchi, T., and Goldman-Rakic, P. S. (1991). D1 dopamine receptors in pre-

frontal cortex: involvement in working memory. Science 251, 947–950. doi:

10.1126/science.1825731

Schiller, D., and Weiner, I. (2004). Lesions to the basolateral amygdala and

the orbitofrontal cortex but not to the medial prefrontal cortex produce an

abnormally persistent latent inhibition in rats. Neuroscience 128, 15–25. doi:

10.1016/j.neuroscience.2004.06.020

Schiller, D., and Weiner, I. (2005). Basolateral amygdala lesions in the rat produce

an abnormally persistent latent inhibition with weak preexposure but not with

context shift. Behav. Brain Res. 163, 115–121. doi: 10.1016/j.bbr.2005.04.005

Scott, H. L., Tamagnini, F., Narduzzo, K. E., Howarth, J. L., Lee, Y.-B., Wong,

L.-F., et al. (2012). MicroRNA-132 regulates recognition memory and synap-

tic plasticity in the perirhinal cortex. Eur. J. Neurosci. 36, 2941–2948. doi:

10.1111/j.1460-9568.2012.08220.x

Seamans, J. K., Floresco, S. B., and Phillips, A. G. (1995). Functional differ-

ences between the prelimbic and anterior cingulate regions of the rat pre-

frontal cortex. Behav. Neurosci. 109, 1063–1073. doi: 10.1037/0735-7044.109.

6.1063

Seamans, J. K., Floresco, S. B., and Phillips, A. G. (1998). D1 receptor modu-

lation of hippocampal-prefrontal cortical circuits integrating spatial memory

with executive functions in the rat. J. Neurosci. 18, 1613–1621.

Seamans, J. K., Gorelova, N., Durstewitz, D., and Yang, C. R. (2001). Bidirectional

dopamine modulation of GABAergic inhibition in prefrontal cortical pyramidal

neurons. J. Neurosci. 21, 3628–3638.

Sesack, S. R., Deutch, A. Y., Roth, R. H., and Bunney, B. S. (1989). Topographical

organization of the efferent projections of the medial prefrontal cortex in the

rat: an anterograde tract-tracing study with Phaseolus vulgaris leucoagglutinin.

J. Comp. Neurol. 290, 213–242. doi: 10.1002/cne.902900205

Shoemaker, J. M., Saint Marie, R. L., Bongiovanni, M. J., Neary, A. C., Tochen, L. S.,

and Swerdlow, N. R. (2005). Prefrontal D1 and ventral hippocampal N-methyl-

D-aspartate regulation of startle gating in rats. Neuroscience 135, 385–394. doi:

10.1016/j.neuroscience.2005.06.054

Sierra-Mercado, D., Padilla-Coreano, N., and Quirk, G. J. (2011). Dissociable

roles of prelimbic and infralimbic cortices, ventral hippocampus, and

basolateral amygdala in the expression and extinction of conditioned fear.

Neuropsychopharmacology 36, 529–538. doi: 10.1038/npp.2010.184

Sonntag, K. C., Brenhouse, H. C., Freund, N., Thompson, B. S., Puhl, M., and

Andersen, S. L. (2014). Viral over-expression of D1 dopamine receptors in

the prefrontal cortex increase high-risk behaviors in adults: comparison with

adolescents. Psychopharmacology (Berl.) 231, 1615–1626. doi: 10.1007/s00213-

013-3399-8

Spieker, E. A., Astur, R. S., West, J. T., Griego, J. A., and Rowland, L. M. (2012).

Spatial memory deficits in a virtual reality eight-arm radial maze in schizophre-

nia. Schizophr. Res. 135, 84–89. doi: 10.1016/j.schres.2011.11.014

Starr, J. M., Fox, H., Harris, S. E., Deary, I. J., and Whalley, L. J. (2007). COMT

genotype and cognitive ability: a longitudinal aging study. Neurosci. Lett. 421,

57–61. doi: 10.1016/j.neulet.2007.05.023

Steinberg, E. E., Keiflin, R., Boivinm, J. R., Witten, I. B., Deisseroth, K., and Janak,

P. H. (2013). A causal link between prediction errors, dopamine neurons and

learning. Nat. Neurosci. 16, 966–976. doi: 10.1038/nn.3413

Stevenson, C. W., and Gratton, A. (2003). Basolateral amygdala modulation of the

nucleus accumbens dopamine response to stress: role of the medial prefrontal

cortex. Eur. J. Neurosci. 17, 1287–1295. doi: 10.1046/j.1460-9568.2003.02560.x

Sullivan, R. M., and Gratton, A. (2002). Behavioral effects of excitotoxic lesions of

ventral medial prefrontal cortex in the rat are hemisphere-dependent. Brain Res.

927, 69–79. doi: 10.1016/S0006-8993(01)03328-5

Sweatt, J. D. (2004). Hippocampal function in cognition. Psychopharmacology

(Berl.) 174, 99–110. doi: 10.1007/s00213-004-1795-9

Tai, C.-T., Cassaday, H. J., Feldon, J., and Rawlins, J. N. P. (1995). Both elec-

trolytic and excitotoxic lesions of nucleus accumbens disrupt latent inhibition of

learning in rats. Neurobiol. Learn. Mem. 64, 36–48. doi: 10.1006/nlme.1995.1042

Takagishi, M., and Chiba, T. (1991). Efferent projections of the infralimbic (area 25)

region of the medial prefrontal cortex in the rat: an anterograde tracer PHA-L

study. Brain Res. 566, 26–39. doi: 10.1016/0006-8993(91)91677-S

Tehovnik, E. J., and Sommer, M. A. (1997). Effective spread and timecourse of

neural inactivation caused by lidocaine injection in monkey cerebral cortex. J

Neurosci. Methods 74, 17–26. doi: 10.1016/S0165-0270(97)02229-2

Thur, K. E., Nelson, A. J. D., Cooper, M. T., Marsden, C. A., and Cassaday,

H. J. (2010). Differential effects of pre- and infra-limbic dopamine deple-

tion on trace conditioning measured in a CER procedure. J. Psychopharmacol.

24(Suppl. 3), A65.

Totah, N. K., Kim, Y. B., Homayoun, H., and Moghaddam, B. (2009).

Anterior cingulate neurons represent errors and preparatory attention

within the same behavioral sequence. J. Neurosci. 29, 6418–6426. doi:

10.1523/JNEUROSCI.1142-09.2009

Trantham-Davidson, H., Kroener, S., and Seamans, J. K. (2008). Dopamine mod-

ulation of prefrontal cortex interneurons occurs independently of DARPP-32.

Cereb. Cortex 18, 951–958. doi: 10.1093/cercor/bhm133

Traynor, J. R., and Neubig, R. R. (2005). Drugs of abuse and regulators of G protein

signalling in the brain. Mol. Interv. 5, 30–41. doi: 10.1124/mi.5.1.7

Tseng, K. Y., and O’Donnell, P. (2007). D2 dopamine receptors recruit a GABA

component for their attenuation of excitatory synaptic transmission in the adult

rat prefrontal cortex. Synapse 61, 843–850. doi: 10.1002/syn.20432

Tunbridge, E. M., Lane, T. A., and Harrison, P. J. (2007). Expression of multi-

ple catechol-o- methyltransferase (COMT) mRNA variants in human brain.

Am. J. Med. Genet. B Neuropsychiatr. Genet. 144B, 834–839. doi: 10.1002/ajmg.

b.30539

van der Meulen, J. A., Joosten, R. N., de Bruin, J. P., and Feenstra, M. G. (2007).

Dopamine and noradrenaline efflux in the medial prefrontal cortex during serial

reversals and extinction of instrumental goal-directed behavior. Cereb. Cortex,

17, 1444–1453. doi: 10.1093/cercor/bhl057

Vertes, R. P. (2004). Differential projections of the infralimbic and prelimbic cortex

in the rat. Synapse 51, 32–58. doi: 10.1002/syn.10279

Vertes, R. P. (2006). Interactions among the medial prefrontal cortex, hippocam-

pus and midline thalamus in emotional and cognitive processing in the rat.

Neuroscience 142, 1–20. doi: 10.1016/j.neuroscience.2006.06.027

Vidal-Gonzalez, I., Vidal-Gonzalez, B., Rauch, S. L., and Quirk, G. J. (2006).

Microstimulation reveals opposing influences of prelimbic and infralimbic

cortex on the expression of conditioned fear. Learn. Mem. 13, 728–733. doi:

10.1101/Im.306106

Wan, H., Aggleton, J. P., and Brown, M. W. (1999). Different contributions of

the hippocampus and perirhinal cortex to recognition memory. J. Neurosci. 19,

1142–1148.

Frontiers in Systems Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 160 | 23

http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive


Cassaday et al. Cognitive functions in pre-frontal sub-regions

Warburton, E. C., and Brown, M. W. (2010). Findings from animals concern-

ing when interactions between perirhinal cortex, hippocampus and medial

prefrontal cortex are necessary for recognition memory. Neuropsychologia 48,

2262–2272. doi: 10.1016/j.neuropsychologia.2009.12.022

Weible, A. P., McEchron, M. D., and Disterhoft, J. F. (2000). Cortical involvement in

acquisition and extinction of trace eyeblink conditioning. Behav. Neurosci. 114,

1058–1067. doi: 10.1037/0735-7044.114.6.1058

Weible, A. P., Rowland, D. C., Monaghan, C. K., Wolfgang, N. T., and Kentros, C.

G. (2012). Neural correlates of long-term object memory in the mouse anterior

cingulate cortex. J. Neurosci. 32, 5598–5608. doi: 10.1523/JNEUROSCI.5265-

11.2012

Weible, A. P., Weiss, C., and Disterhoft, J. F. (2003). Activity profiles of

single neurons in caudal anterior cingulate cortex during trace eyeblink

conditioning in the rabbit. J. Neurophysiol. 90, 599–612. doi: 10.1152/jn.

01097.2002

Weible, A. P., Weiss, C., and Disterhoft, J. F. (2007). Connections of the cau-

dal anterior cingulate cortex in rabbit: neural circuitry participating in the

acquisition of trace eyeblink conditioning. Neuroscience 145, 288–302. doi:

10.1016/j.neuroscience.2006.11.046

Weiner, I. (1990). Neural substrates of latent inhibition: the switching model.

Psychol. Bull. 108, 442–461. doi: 10.1037/0033-2909.108.3.442

Weiner, I. (2003). The “two-headed” latent inhibition model of schizophre-

nia: modeling positive and negative symptoms and their treatment.

Psychopharmacology (Berl.) 169, 257–297. doi: 10.1007/s00213-002-1313-x

Weiner, I., and Arad, M. (2009). Using the pharmacology of latent inhibition to

model domains of pathology in schizophrenia and their treatment. Behav. Brain

Res. 204, 369–386. doi: 10.1016/j.bbr.2009.05.004

Weiner, I., Lubow, R. E., and Feldon, J. (1981). Chronic amphetamine and latent

inhibition. Behav. Brain Res. 2, 285–286. doi: 10.1016/0166-4328(81)90105-4

Weiner, I., Lubow, R. E., and Feldon, J. (1984). Abolition of the expression

but not the acquisition of latent inhibition by chronic amphetamine in rats.

Psychopharmacology 83, 194–199. doi: 10.1007/BF00429734

Weiner, I., Lubow, R. E., and Feldon, J. (1988). Disruption of latent inhibition by

acute administration of low doses of amphetamine. Pharmacol. Biochem. Behav.

30, 871–878. doi: 10.1016/0091-3057(88)90113-X

Williams, G. V., and Goldman-Rakic, P. S. (1995). Modulation of memory fields

by dopamine D1 receptors in prefrontal cortex. Nature 376, 572–575. doi:

10.1038/376572a0

Winters, B. D., Saksida, L. M., and Bussey, T. J. (2008). Object recognition memory:

neurobiological mechanisms of encoding, consolidation and retrieval. Neurosci.

Biobehav. Rev. 32, 1055–1070. doi: 10.1016/j.neubiorev.2008.04.004

Xiang, J. Z., and Brown, M. W. (2004). Neuronal responses related to long-term

recognition memory processes in prefrontal cortex. Neuron 42, 817–829. doi:

10.1016/j.neuron.2004.05.013

Yerkes, R. M., and Dodson, J. D. (1908). The relation of strength of stimu-

lus to rapidity of habit-formation. Comp. Neurol. Psycho. 8, 459–482. doi:

10.1002/cne.920180503

Zahrt, J., Taylor, J. R., Mathew, R. G., and Arnsten, A. F. (1997). Supranormal stim-

ulation of D1 dopamine receptors in the rodent prefrontal cortex impairs spatial

working memory performance. Neurosci. 7, 8528–8535.

Zhan, L., Kerr, J. R., Lafuente, M.-J., Maclean, A., Chibalina, M. V., Liu, B., et al.

(2011). Altered expression and coregulation of dopamine signalling genes in

schizophrenia and bipolar disorder. Neuropath. Appl. Neurobiol. 37, 206–219.

doi: 10.1111/j.1365-2990.2010.01128.x

Conflict of Interest Statement: The authors declare that the research was con-

ducted in the absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Received: 10 July 2014; accepted: 15 August 2014; published online: 08 September 2014.

Citation: Cassaday HJ, Nelson AJD and Pezze MA (2014) From attention to mem-

ory along the dorsal-ventral axis of the medial prefrontal cortex: some methodological

considerations. Front. Syst. Neurosci. 8:160. doi: 10.3389/fnsys.2014.00160

This article was submitted to the journal Frontiers in Systems Neuroscience.

Copyright © 2014 Cassaday, Nelson and Pezze. This is an open-access article dis-

tributed under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this jour-

nal is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Systems Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 160 | 24

http://dx.doi.org/10.3389/fnsys.2014.00160
http://dx.doi.org/10.3389/fnsys.2014.00160
http://dx.doi.org/10.3389/fnsys.2014.00160
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive

	From attention to memory along the dorsal-ventral axis of the medial prefrontal cortex: some methodological considerations
	Introduction
	Early Attention: the Serial Reaction Time Task
	Excitotoxic mPFC Lesions Impair 5-CSRT Performance
	Temporary Inactivation of mPFC Impairs 5-CSRT Performance
	Disinhibition in mPFC Impairs 5-CSRT Performance
	Electrophysiological Correlates of 5-CSRT Performance
	DA Modulates 5-CSRT Performance
	5-CSRT Conclusions

	Attentional Learning: Latent Inhibition
	Excitotoxic mPFC Lesions can Enhance Latent Inhibition
	DA and Latent Inhibition
	Latent Inhibition Conclusions

	Working Memory: Trace Conditioning
	Excitotoxic mPFC Lesion Effects on Trace Conditioning
	Convergent Evidence for Dissociations by mPFC Sub-Region
	DA and Trace Conditioning
	Trace Conditioning Conclusions

	What, Where, and When: Object Recognition Memory
	Electrophysiological Studies of Object Recognition
	Inactivation and Lesion Studies of Object Recognition
	DA and Object Recognition
	Underlying Memory Mechanisms
	Object Recognition Conclusions

	Related Benchmark Tests of Learning and Memory
	Motivated Responding
	Pre-Pulse Inhibition
	Fear Conditioning
	Spatial Recognition Memory
	Spatial Working and Reference Memory
	Temporal Control of Responding

	Executive Functions in mPFC
	Methodological Considerations
	Selectivity of 6-OHDA Lesions
	Dose-Related Effects of Drugs Administered by Microinfusion

	New Methods of Working
	Conclusions and Implications
	Acknowledgments
	References


