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The ‘executive’ regions of the prefrontal cortex (PFC) such as the dorsolateral PFC (dIPFC) and its rodent equivalent medial
PFC (mPFC) are thought to respond in concert with the ‘limbic’ regions of the PFC such as the orbitofrontal (OFC) cortex to
orchestrate behavior that is consistent with context and expected outcome. Both groups of regions have been implicated in
behavioral abnormalities associated with addiction and psychiatric disorders, in particular, schizophrenia and mood
disorders. Theories about the pathophysiology of these disorders, however, incorporate abnormalities in discrete PFC regions
independently of each other or assume they are one and the same and, thus, bunch them under umbrella of ‘PFC
dysfunction.” Emerging data from animal studies suggest that mPFC and OFC neurons display opposing patterns of plasticity
during associative learning and in response to repeated exposure to psychostimulants. These data corroborate clinical
studies reporting different patterns of activation in OFC versus dIPFC in individuals with schizophrenia or addictive disorders.
These suggest that concomitant but divergent engagement of discrete PFC regions is critical for learning stimulus-outcome
associations, and the execution of goal-directed behavior that is based on these associations. An atypical interplay between
these regions may lead to abnormally high or low salience assigned to stimuli, resulting in symptoms that are fundamental to
many psychiatric and addictive disorders, including attentional deficits, improper affective response to stimuli, and inflexible or
impulsive behavior.
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INTRODUCTION

Historically, the operations of the cerebral cortex have been
attributed to two distinct patterns of neuronal processing.
One is to divide cortex into ‘elementary units’ such as
cortical columns (Pandya and Kuypers, 1969; Jones and
Powell, 1970; Nauta, 1971). This view originated from early
discoveries of discrete language centers in the brain and has
expanded to include current ‘phrenology’-like assignment
of specific cognitive processes to exact cortical locations.
Behavioral correlations of discrete cortical lesions in human
and animal studies, as well as neurophysiological findings of
distinct integrative representations in different subregions,
have supported this modular view of cognitive processing
(Mishkin and Pribram, 1955; Goldman and Rosvold, 1970;
Stuss and Benson, 1984; Passingham et al, 2000). The other
is the connectionist view that emphasizes parallel distrib-
uted neural networks in mediation of complex cognitive
processes (Edelman and Mouncastle, 1978; Goldman-Rakic,
1988; Damasio, 1989; Mesulam, 1990; Fuster, 2003). This
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view is supported by substantial morphological evidence
(eg, Selemon and Goldman-Rakic, 1988) as well as
electrophysiological recordings in behaving animals and
functional-imaging studies in humans (Fuster and Alex-
ander, 1971; Batuev et al, 1985; Goldman-Rakic, 1988; Treue
and Maunsell, 1996; Dolan et al, 1997; Friston, 2002; Gruber
et al, 2007). Contemporary approaches to cortical function
consider both types of processing relevant and generally
assume that modular processing is a manifestation of
parallel computational networks. These networks may be
maintained by separate sets of distributed structures and
are responsible for different forms of associative processing
(Fodor and Pylyshyn, 1988; Kimberg and Farah, 1993;
Mesulam, 1998).

Based on this literature, we assume that the proper
functioning of the cerebral cortex depends on the successful
dynamic interactions between distributed cortical networks
and advance the hypothesis that disorders that involve
abnormal cognitive-affective interface result from disturbed
interactions between these parallel networks. This view
predicts concomitant disruptions in several cortical net-
works in disease states and, therefore, differs from most
existing perspectives about the role of cerebral cortex in
disease, which focus on a single ‘cortical organ’ as being
dysfunctional in specific diseases; for example, orbitofrontal
dysfunction in addiction, dorsolateral prefrontal cortex
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(dIPFC) dysfunction in schizophrenia. Fundamental to our
hypothesis is that parallel cortical networks are critical for
learning of proper stimulus-outcome associations and that
disturbance in this form of plasticity leads to aberrant
processing of these associations and disruption in execution
of goal-directed behavior. The focus of the reviewed
literature that supports this hypothesis will be on the
‘limbic’ orbitofrontal cortex (OFC) and the ‘executive’
dIPFC and medial prefrontal cortex (mPFC). We briefly
review the evidence to suggest that although these
prefrontal cortex (PFC) subregions subserve different
functions, they are both vulnerable structures in major
psychiatric disorders, in particular schizophrenia, and in
addiction. We will then examine the electrophysiological
evidence in laboratory animals that suggest that these
subregions of the PFC display parallel but distinct patterns
of plasticity during associative learning. We will conclude
with a review of the data on the parallel but dissimilar
patterns of plasticity in these cortical regions in an animal
model of psychosis and addiction. Together, these new
findings will support the idea that the interplay between
these cortical structures may provide a substrate for
maladaptive processes that contribute to major psychiatric
disorders, addiction, and the prevalent comorbidity among
these disorders.

FUNCTIONS OF THE PFC: PLASTICITY
VERSUS FLEXIBILITY

The principal function of the cerebral cortex in general
and the PFC in particular is thought to be the temporal
organization of behavior (eg, Damasio, 1979; Fuster, 2001).
Specifically, frontal cortical regions are thought to (1) detect
situations that demand mediation; (2) direct selective
attention to stimuli relevant to this situation; (3) suppress
distractions caused by irrelevant stimuli; (4) bring on-line
relevant past memories; (5) plan a behavioral sequence
based on these memories and the present relevant stimuli;
and (6) encode the preparatory set that leads to motor
execution of the appropriate behavior. Thus, functions
associated with the PFC involve working in the ‘present’ to
coordinate behavior based on cross-temporal contingencies.
Accordingly, most of the research focused on understanding
PFC function has involved assessing the response of
neurons during dynamic events, such as attention or
working memory (eg, Fuster and Alexander, 1971; Wilkins
et al, 1987; Funahashi et al, 1993).

The idea that plasticity, or experience-induced lasting
changes in synaptic strength or structural features, is a
component of PFC function has historically received little
attention because a lasting effect is somewhat inconsistent
with the dynamic and flexible function of the PFC.
Experience-induced synaptic and structural plasticity have
generally been localized to the hippocampus and basal
ganglia regions, such as the striatum. Nevertheless, studies
performed in primate somatosensory and auditory cortex
have long shown plasticity or ‘reorganization’ in cortical
columns in response to obliteration of sensory input to
these regions (Harrington and Merzenich, 1970). Somato-
sensory cortical systems also show experience-induced
plasticity by increasing neuronal representation to a sensory
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event after the animals learn to associate that event with
a reinforced outcome (Blake et al, 2005). More recent
electrophysiological studies in primates and rodents have
shown that this form of plasticity generalizes to OFC as well
as medial and lateral PFC by demonstrating that neurons in
these regions encode novel visuo-motor, audio-motor, and
olfacto-motor associations (Rolls et al, 1996; Asaad et al,
1998; Passingham et al, 2000; Schoenbaum et al, 2003;
Boettiger and D’Esposito, 2005). Collectively, these findings
indicate that neurons in different PFC subregions are plastic
and play a role in associative learning. Thus, the PFC—in
addition to its classic executive functions that include
assignment of attentional reserves, shifting between com-
peting behavioral sets, conflict monitoring, and sensorimo-
tor integration—also partakes in the acquisition of simple
associations. This dual function suggests that the same PFC
neuronal networks that represent the stimulus-outcome
associations may subserve the executive functions such as
attentional tuning and decision making that are related to
these associations. This is significant in the context of major
psychiatric disorders and addiction, which involve cognitive
deficits as well as behavioral anomalies indicative of
disrupted stimulus (or action)-outcome associations, in
that a faulty learning of associations by PFC networks may
be fundamental to aberrant encoding of cognitive processes
by these same networks. As would be expected, however, the
‘normal’ pattern of PFC participation in associative learning
is not simple and, as described in the following section,
appears to involve shifting dynamics between at least two
PEC regions, underscoring the interactive role of multiple
PEC regions in the pathophysiology of above-mentioned
disorders.

DIVERGENT ROLES OF OFC AND mPFC IN
ENCODING ASSOCIATIVE LEARNING

Although an integrative approach to PFC’s executive
functions has been argued convincingly by Fuster and
others (Shallice, 1982; Baddeley, 1996; Fuster, 2001; Miller
and Cohen, 2001), the general tendency in the biological
psychiatry and addiction fields has been to assign specific
functions to discrete PFC regions, in particular dIPFC and
OFC. This functional differentiation approach is supported
by notable differences in the pattern of anatomical
connections to these regions. For example, the primate
dIPFC and its rat equivalent of mPFC receive extensive
innervations from the mediodorsal nucleus of thalamus and
send prominent projections to dorsal striatum, nucleus
accumbens, and ventral tegmental area (VTA) (Groenewe-
gen and Uylings, 2000; Ongur and Price, 2000; Brown and
Bowman, 2002). This pattern of connections is consistent
with a key role at the top of the executive hierarchy and as
the ultimate regulator of goal-directed behavior (Fuster,
2001). Accordingly, these regions are critical for key
executive functions such as set-shifting (Ragozzino et al,
1998; Brown and Bowman, 2002; Stefani et al, 2003) and
inhibitory control over behavior (Watanabe, 1986). In
addition, dIPFC and mPFC have been strongly implicated
in the processing of working memory primarily because
lesions of dIPFC in primates and mPFC in rats impair
working memory function (Mishkin and Pribram, 1955;
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Sakurai and Sugimoto, 1985). Electrophysiological studies
in both species as well as imaging studies in humans also
show neuronal activation in these regions during the delay
period of working memory tasks (Fuster and Alexander,
1971; Funahashi et al, 1989; Jung et al, 1998). Another
dorsal PFC region, the anterior cingulate, receives similar
reciprocal projections as the dIPFC and mPFC but has been
primarily implicated in attentional processes and in conflict
monitoring (Dalley et al, 2004).

The OFC receives prominent inputs from sensory
associative cortices, particularly olfactory, gustatory, and
visual areas, as well as from hypothalamus and amygdala,
positioning it at a suitable level to integrate potentially
salient information about environmental contingencies
(Rolls, 1996; Groenewegen and Uylings, 2000; Ongur and
Price, 2000). OFC has reciprocal connections with primate
dIPFC (rat mPFC) and may relay the integrated and ‘value-
tagged’ summary of sensory inputs to these regions of PFC
(Rolls, 1998). Lesion and electrophysiological studies
in experimental animals indicate that OFC is involved in
assessment of the rewarding value of salient stimuli and in
prediction of such events (Rolls et al, 1996; Jentsch et al,
2002; Schoenbaum et al, 2003). OFC is also critical for
reversal learning because subjects and animals with OFC
lesions have profound difficulty during reversal of stimuli-
response contingencies (Rolls, 1998). In addition, OFC (and
ventral PFC) exercise inhibitory control over impulsive and
socially inappropriate behaviors (Anderson et al, 1999;
Iversen and Mishkin, 1970).

The anatomical and functional distinctions between OFC
vs dorsal regions of the PFC have led to a prevailing view that
these subregions subserve different functions and organize
behavior through their separate projections to the basal
ganglia in particular dorsal and ventral striatum (Robbins
and Everitt, 2002; Haber et al, 2006). A complementary view
is that different subregions participate in parallel monitor-
ing of similar events and that the dynamic interaction of
these parallel networks is critical for proper organization of
behavior. Evidence for this level of processing is beginning
to emerge. Human imaging studies have shown dissociative
pattern of activation in dIPFC and OFC during working
memory (Perlstein et al, 2002). In animal studies, simulta-
neous recordings from dorsomedial PFC and motor cortex
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neurons show functional coupling during performance of
a working memory task (Narayanan and Laubach, 2006).
Recent studies from our lab suggest that although multiple
cortical regions demonstrate plasticity during associative
learning, the pattern of plasticity is region and modality
specific (Homayoun and Moghaddam, 2005). We recorded
simultaneously from mPFC and OFC neurons of rats
(Figure 1) during a form of classical conditioning where a
conditioned stimulus (CS, tone) was followed by an
unconditioned stimulus (US, food) (Figure 2). This experi-
mental design allowed us to compare the dynamics of
neuronal activity in the two PFC subregions beginning from
the very first encounters with CS and US. As the training
session began, neurons in both regions exhibited an active
representation of various task components, including the
tone and reward consumption (depicted as ‘early trials’ in
Figure 2). Toward the end of the conditioning session, both
regions modified their representations of these salient
events. The pattern of this modification was different in
each region. In the mPFC, representation of rewarding
events gradually decreased, whereas representation of the
task rule (tone) increased. In the OFC, the representation of
reward was enhanced and that of task rule contingency was
reduced (Figure 2). Changes in representation included the
number of neurons that were recruited to represent each
event as well as the strength by which individual neurons
encoded for that event. Thus, at early stages of associative
learning, both regions appear to actively and concomitantly
engage in learning of simple stimulus-outcome associations
in an opposing manner.

These findings suggest that the nature of the interaction
of mPFC and OFC networks during learning is not ‘in
parallel’ in the classical sense, meaning that different
networks process the same events similarly but in varying
intensities, or ‘in series’, meaning that response in one
network follows the response in another. Although both
regions behaved similarly during the early stages of
learning, the pattern of plasticity in each region was
divergent and modality specific, suggesting that different
modulatory mechanisms mediate the learning of associa-
tions in each region. Taken together, these findings suggest
that opposing pattern of activation in OFC and mPFC
may play a critical role in learning and other cognitive

Microwire
electrode /
array

==

Nose poice holes

Figure |

~—— Operant box

Microwire arrays for electrophysiological recordings can be implanted in several cortical regions. Using this method, unit activity and field

potentials that are time locked to specific behavioral events can be measured simultaneously in multiple regions, while rats are performing tasks in operant

boxes.

Neuropsychopharmacology REVIEWS



a Tone (CS) Food (US)
o _).}tl I:l
5 sec -
—— Early trials
Late trials
b cs c us
31 mPFC neuron 4 mPFC neuron
2
o
221
=
S 1
©
£
O
0
Time (sec) Time (sec)
CS us
d OFC neuron e OFC neuron
o 64 \ 6 -
o I
= cs | us
£ n
E 4 l [ 4 l
£ I
) i |
P m o oy
o A | \/ | v
/V‘L NV AV AT o bbb
0 T T T 0 T T T T
-2 -1 0 1 2 -2 -1 0 1 2
Time (sec) Time (sec)
f cs g us
g 80 population 80 population_» *
(2]
S 60 60
3
A
; 40 0
2 201 — mPFC * 20 X
2 — OFC
g o 0
o Early trials Late trials Early trials Late trials

Figure 2 PFC subregions display differential patterns of plasticity during
a classical conditioning paradigm. (a) Rats were trained inside an operant
chamber to associate a tone (CS) with food reward (US) delivered 5 s later.
Each rat received |8 presentation of CS with an inter-CS interval of 120s.
(b—e) Single neurons recorded from the mPFC or OFC exhibited opposite
plastic responses to task relevant events of CS and US. Examples compare
the phasic peri-event time histograms (window = *2s around event,
bin =50ms) of individual neurons during early and late eight trials within
the same learning session. Note that the mPFC neuron in (b) amplified its
representation of CS, whereas the other mPFC neuron in (d) loses its initial
response to US. In contrast, the OFC neuron in (c) diminishes its
representation of CS, whereas the OFC neuron in (e) amplifies its response
to UCS. Firing rates are normalized to pre-tone baseline period. (f-g)
Plasticity in the population response of the two regions assessed by the
proportion of neurons with a phasic response. The mPFC and OFC display
opposite trajectories; the mPFC enhanced its representation of CS and
OFC that of US. *p<0.05 compared to early trials (based on 136 mPFC
and 94 OFC neurons).

processes. This dynamic relationship may be a functional
substrate at the circuitry level for convergence of various
parameters that regulate normal and pathophysiological
neuroplasticity processes at the molecular and cellular level.
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MULTIPLE CORTICAL REGIONS ARE
IMPLICATED IN PSYCHIATRIC DISORDERS
AND ADDICTION

In recent years, functional imaging studies have implicated
similar regions of the PFC, including dIPFC and OFC, in
the pathophysiology of addiction and many psychiatric
disorders, including schizophrenia, mood disorders, post-
traumatic stress disorder (PTSD), attention-deficit hyper-
activity disorder (ADHD), obsessive-compulsive disorder
(OCD), and autistic spectrum disorders (eg, Volkow and
Fowler, 2000; Shin et al, 2005; Friedlander and Desrocher,
2006; Seidman et al, 2006; Silk et al, 2006; Waltz and Gold,
2007). At a first glance, the wide range of the symptoms
associated with these disorders questions a shared patho-
physiology. On the other hand, the high incidence of
comorbidity among these disorders, and the notion that at a
fundamental level, most of their symptoms involve faulty
processing of stimulus (or action)-outcome associations
and the planning of behavior that is guided by these
associations, supports the notion that there are shared
cortical pathophysiological processes across these illnesses.
Based on our hypothesis, a critical component of this
pathology is the disrupted dynamics between OFC and
mPFC (or dIPFC) during associative learning.

As reviewed in articles in this issue of Neuropsychophar-
macology Reviews, a shared characteristic of addictive and
most psychiatric disorders is that they involve neuroplastic
processes, either in terms of a developmental time course as
in case of schizophrenia, ADHD, and autism, or in terms of
adaptations to environmental factors, as in case of the mood
disorders, PTSD, and addiction. The PFC is strongly
implicated in these processes because it is a site where the
majority of postmortem and functional abnormalities are
described. In most cases, however, the hypothesized role of
PFEC in mediating the faulty neuroplasticity has focused on a
single subregion (eg, Lewis et al, 2005) and very few studies
have systematically compared one cortical region with
another. Below, we will briefly review the limited evidence
that these abnormalities occur in multiple cortical sites
underscoring the idea that the pathophysiology in these
disorders involves disrupted dynamics among several PFC
subregions as opposed to localized anomalies within a
single region.

Schizophrenia

Schizophrenia is considered a neurodevelopmental disorder
where interaction between susceptibility genes and envir-
onmental factors leads to symptom onset during early
adulthood or late adolescence (Harrison, 1997). The
ontogenic trajectory of PFC subregions, including late
maturation relative to other brain structures and a delayed
pruning of dendritic branches of pyramidal cells in this
region, fits the time course of disease development in
schizophrenia (Weinberger, 1987). A similar pattern and
time course of development is assumed to occur in all PFC
subregions (Rakic, 2002); therefore, the developmental
abnormalities associated with schizophrenia would be
expected to affect all of these structures. Functional imaging
studies performed in individuals with schizophrenia,
however, have focused primarily on the dIPFC region of
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the frontal lobe, because this region of the primate is critical
for sustaining constructs such as working memory and
behavioral flexibility, that are the hallmark of the cognitive
deficits associated with schizophrenia (Goldman-Rakic,
1994). Earlier functional studies indicated a state of dIPFC
hypofunction (Weinberger et al, 1986), whereas later studies
indicated both excessive hyperactivation and failure to
adequately activate PFC (Manoach et al, 2000; Ramsey et al,
2002; Callicott et al, 2003) during performance of PFC-
dependent tasks. These functional imaging studies have
prompted the postmortem research to focus primarily on
disease-specific pathologies in the dIPFC of individuals with
schizophrenia (see article by Lewis in this volume).
Postmortem studies, in turn, have revealed subtle changes
in cellular architecture within dIPFC that are now the basis
of leading theories related to pathophysiology of schizo-
phrenia. For example, reduction in the markers of GABA
synthesis (GADg;) and reuptake (GAT1) in a subset of
inhibitory interneurons, parvalbumin-immunoreactive cells
have been reported in dIPFC (Akbarian et al, 1995; Volk
et al, 2000). This deficiency in GABAergic transmission is
associated with a compensatory upregulation of GABA,
receptors at axon initial segments of pyramidal neurons
(Volk et al, 2002). Other groups have found changes in
markers of glutamatergic transmission in dIPFC, including
increased expression of NMDA receptor NR1 subunits
(Grimwood et al, 1999; Dracheva et al, 2001) and increased
level of the endogenous glutamate receptor ligand NAAG
(N-acetylaspartyl glutamate) (Tsai et al, 1995). Altogether,
these deficits may constitute the basis for morphometric
alterations reported in schizophrenia including decreased
cortical thickness and gyrification (Kulynych et al, 1997;
Vogeley et al, 2000; Kuperberg et al, 2003) and reduced gray
matter volume (Zipursky et al, 1998).

Because of feasibility issues with postmortem studies such
as tissue availability and the time consuming nature of
morphometric and other anatomical methods, regional
selectivity of the changes reported in dIPFC is not well
characterized. Functional imaging studies, on the other
hand, have reported a dissociation in the aberrant pattern of
activity in schizophrenia across subregions of PFC. Several
recent studies have now found overactivation of OFC and
nearby ventral PFC regions in schizophrenia that correlate
with behavioral impairment (Sevy et al, 2007; Waltz and
Gold, 2007; however see, Wilder et al, 1998). An event-
related fMRI study by Gur and co-workers demonstrated
simultaneous hypoactivation of dIPFC and hyperactivation
of OFC and other termoral-limbic structures during a word
encoding and retrieval task (Ragland et al, 2004). Another
notable recent study compared the pattern of activity in
dorsal and ventral PFC in normal controls and subjects
with schizophrenia during N-back test of working memory
(Tan et al, 2006). Although control subjects responded to
incremental working memory load with disproportionately
greater dorsal, but not ventral, PFC activation and greater
functional connectivity between dorsal PFC and parietal
cortex, the schizophrenia patients displayed load-dependent
overactivation in ventral PFC and enhanced functional
connectivity between ventral PFC and parietal cortex.
This finding is consistent with several other recent studies
that indicate opposite patterns of activity in subregions
of PFC during performance of cognitively engaging
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tasks (Bertolino et al, 1998; Callicott et al, 2003; Tan et al,
2005). The overactivation of OFC or other ventral PFC
regions, is often interpreted as a compensatory reaction
aimed to engage extra neuronal networks to supplement
higher executive functions (Callicott et al, 2003; Tan et al,
2005). An alternative interpretation is that simultaneous
disturbances in multiple cortical networks underlie the
symptoms.

Addiction

Addiction is often viewed as a disorder of neuroplasticity
that is caused by excessive drug use (Wolf, 2002; Nestler,
this volume). Accordingly, most animal models of addiction
involve repeated exposure to drugs of abuse in various
experimental settings. A frequently reported effect of
repeated exposure to many drugs of abuse in rodents is
the progressive enhancement of their motor effects. This
phenomenon of locomotor sensitization has been advanced
as a model for plastic processes responsible for develop-
ment of addiction (Robinson and Berridge, 1993; Wolf,
1999). Extensive studies at the molecular and cellular levels
have identified a host of mechanisms that mediate the
adaptive response of brain to different classes of drugs of
abuse, including psychostimulants, opioids and nicotine
(Nestler, 2001; Wolf, 2002). Much of the work delineating
the cellular and molecular basis of psychostimulant-,
opioid-, and nicotine-induced sensitization has focused on
the so-called ‘reward’ circuitry of brain. This is mostly due
to the critical role of the neurotransmitter dopamine both in
the processing of reward-related information (Wise and
Rompre, 1989) and in the mediation of locomotor responses
of these drugs (Robinson and Berridge, 1993; Pierce et al,
1997). These studies have shown that mesoaccumbens
dopaminergic projections from VTA to nucleus accumbens
is necessary for development and expression of drug-
induced locomotor sensitization and have identified a host
of drug-related midbrain and striatal plasticity processes
that can subserve the progression towards addiction
(Robbins and Everitt, 2002; Bonci et al, 2003; Kalivas
et al, 2005). Other models of addiction in rodents involving
anhedonia and relapse models using self-administration
procedures (Koob and Le Moal, 2001; Robbins and Everitt,
2002) have also identified similar critical subcortical
structures for the maintenance of the modeled behavior.
Research focused on individuals with substance abuse
disorder, however, has revealed that the pathophysiology of
addiction is not limited to subcortical processes, and that
cortical structures, particularly PFC subregions, may play a
key part in addiction and relapse. Functional imaging
studies show altered patterns of PFC activity in psychosti-
mulant addicts during baseline conditions and after
challenge by either drug or drug-related cues (Volkow
et al, 1992; Grant et al, 1996; London et al, 2000; Bolla et al,
2003; Ersche et al, 2005). Notably, many of these studies
demonstrate a non-uniform pattern of abnormal activity,
with foci of hyper- and hypo-activity in various subregions
of PFC (Childress et al, 1999; Kilts et al, 2001; Goldstein and
Volkow, 2002; Arana et al, 2003; Bolla et al, 2003). For
example, OFC shows strong abnormal activity in many
studies with substance abusers. During baseline and when
challenged with drug-related cues, this region shows over-
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activation, as compared to normal controls, in a manner
that correlates with relevant behavioral measures such as
craving for drug, propensity to disinhibited behavior or
risky decision-making (Volkow et al, 2005). On the other
hand, Volkow and colleagues have reported a different
pattern of change in the metabolic activity of dorsal and
mPFC in psychostimulant abusers (Goldstein et al,
2007a, b).

Mood Disorders

Several studies have reported disruptions in multiple
cortical regions in mood disorders including a reduction
in mPFC and OFC gray matter (Drevets et al, 1998; Kumar
et al, 1998; Sax et al, 1999; Strakowski et al, 1999). There
have also been reports of layer-specific changes in the
density and size of PFC neurons in mood disorders
(Rajkowska et al, 1999). Functional-imaging studies have
led to characterization of parallel neural circuitry involving
ventral and dorsal PFC, as well as amygdala, insula, anterior
cingulate, and hippocampus, that regulate emotional
behavior and are dysregulated in mood disorders (Phillips,
2003; Carlson and Meyer, 2006). Although, similar to other
fields, few studies have examined simultaneous changes in
different cortical regions, studies of individual regions have
reported disrupted activation of OFC and dIPFC (Matsuo
et al, 2007). A recent study by Phillips and co-workers
showed that during performance of a cognitive task, there is
dissociation between activation of OFC and dIPFC in
bipolar patients (Kronhaus et al, 2006). These limited
studies suggest that similar to schizophrenia and addictive
disorders, the pathophysiology of PFC in mood disorders
may involve abnormal dynamic interactions of ventral and
dorsal regions of the PFC.

NEUROPLASTICITY OF PFC CIRCUITRY IN
AN ANIMAL MODEL

The work reviewed so far suggests that interplay between
OFC and the mPFC (or dIPFC) may be critical to normal
associative learning and that disruption of this interaction
may be a component of the pathophysiology associated with
addictive and psychiatric disorders. To investigate how the
diverging patterns of responsiveness between these two
cortical regions may be altered in pathological states, we
recently recorded the impact of repeated amphetamine
exposure on the firing rate and pattern of neurons in mPFC
and OFC of behaving rats (Homayoun and Moghaddam,
2006). Repeated amphetamine is a pharmacological model
for both schizophrenia and addiction. The model has face
validity for schizophrenia because individuals exposed to
repeated amphetamine and related stimulants exhibit
schizophrenia-like symptoms, such as psychosis and
cognitive deficits (Snyder, 1973; Castner and Goldman-
Rakic, 1999). The model also has predictive validity in that
the clinical psychotic symptoms as well as behavioral
activation of laboratory animals by amphetamine are
ameliorated by antipsychotic drugs (Geyer and Moghad-
dam, 2002). As reviewed above, the locomotor sensitization
effects of repeated amphetamine and the corresponding
molecular and cellular changes have also been presented, as
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a plausible model for the plasticity associated with
development of addiction (Robinson and Berridge, 1993;
Wolf, 2002). The brain regions studied in the context of this
plasticity have primarily involved subcortical regions, in
particular dopamine-containing cell body and terminal
regions, such as VTA and ventral striatum (eg, Kalivas et al,
1993; Bonci et al, 2003).

As clinical imaging studies have provided increasing
evidence for abnormal pattern of PFC activation in
individuals addicted to psychostimulants (Volkow et al,
1992; Grant et al, 1996; London et al, 2000; Bolla et al, 2003;
Ersche et al, 2005), rodent studies have followed suit and
have reported psychostimulant-induced sustained changes
in the pattern of dendritic morphology, membrane excit-
ability, and gene expression (Lu et al, 1997; Sorg et al, 1997;
Crombag et al, 2004; Robinson and Kolb, 2004; Dong et al,
2005). In response to the first exposure to amphetamine, we
have observed a profound effect on spontaneous activity of
neurons in both the mPFC and OFC (Homayoun and
Moghaddam, 2006). To our surprise, the direction of these
phasic responses was opposite: the mPFC neurons were
primarily inhibited, whereas the OFC neurons were
primarily excited by amphetamine (Figure 3). Animals then
received repeated daily injections of amphetamine for five
days and then weekly challenge injections up to nearly a
month later. Neurons in both cortical regions displayed
remarkable plasticity to amphetamine in that the initial
inhibitory mPFC response and OFC excitatory response was
gradually amplified. The amplification was sustained nearly
a month later, meaning that both cortical subregions
developed ‘sensitization’ in their neuronal response to
amphetamine (Figure 4). This injection regimen and daily
recordings were repeated in animals that were performing
an operant instrumental task. Once more, we observed a
divergent pattern of firing activity changes in mPFC and
OFC that became progressively exaggerated with repeated
treatment, suggesting that the disruption of cortical activity
by amphetamine is not a confound of different behavioral
state. In the same group of rats, we observed an impairment
of working memory, as assessed by spontaneous alternation
task, 1 month after the repeated amphetamine treatment,
supporting the notion that this mechanism disrupts the
behaviors that are supported by the PFC. These findings are
consistent with recent animal and clinical studies showing
drug-induced persistent impairment of PFC-related func-
tions (Grant et al, 2000; Bolla et al, 2003; Hester and
Garavan, 2004; Kubler et al, 2005; Castner et al, 2005; Ersche
et al, 2005; Schoenbaum et al, 2006).

Other studies also support the idea that psychostimulants
produce a pattern of divergent plasticity in PFC networks.
Morphological studies have shown an opposite effect of
amphetamine self-administration on dendritic spines
(Crombag et al, 2004), with spine density enhancing in
mPFC and decreasing in OFC, likely a compensation for the
altered activity patterns in these regions. Robbins and co-
workers (Winstanley et al, 2006) have described a double
dissociation effect of amphetamine on regulation of
impulsive behavior by mPFC and OFC such that ampheta-
mine increases the premature responses in the mPFC-
dependent 5-choice serial reaction task (Muir et al, 1996;
Harrison et al, 1997) but decreases the impulsive choice
in the OFC-dependent delayed discounting paradigm
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Figure 3 Acute amphetamine exerts differential effects on mPFC and OFC ensemble unit activity. (a—b) Representative firing rate histograms of individual
neurons responding to acute systemic amphetamine (2 mg/kg). Arrow indicates the time of injection and dashed line signifies change from pre-injection
baseline. Acute amphetamine inhibited the mPFC neuron (a) but excited the OFC neuron (b). (c) Population firing rate response (mean + SEM) of all
neurons in each region to acute amphetamine. Acute amphetamine caused an excitatory response in OFC and an inhibitory response to mPFC (adapted

from Homayoun and Moghaddam, 2006).

(Richards et al, 1999). In our studies, we also assessed the
effect of repeated amphetamine on OFC and mPFC neuronal
activity, while animals were engaged in a behavioral task.
We observed that the effect of amphetamine was more
prominent on the neuronal ensembles that actively parti-
cipated in representing task events as compared to the non-
encoder ensembles (Figure 5). Thus, mechanisms that are
responsible for the different pattern of plasticity in OFC and
mPFC neurons may preferentially disrupt those sets of
cortical ensembles that are engaged in encoding goal-
directed behavior.

The divergent pattern of plasticity in response to
amphetamine in OFC and mPFC may model the hetero-
geneity in metabolic activity of PFC in imaging studies of
drug abusers (Volkow and Fowler, 2000; Volkow et al, 2004)
and patients with schizophrenia (Ragland et al, 2004). It is
noteworthy that the opposing pattern of plasticity in OFC
and mPFC neurons after repeated amphetamine mimicked
some aspects of the plasticity displayed by these regions
during classical conditioning (Figure 1), suggesting that the
abnormal plasticity in a disease state taps into existing
mechanisms that support normal learning but produces an
exaggerated pattern of OFC-dIPFC divergent activation
(Figure 6). In the context of addiction, the finding of a
lasting deactivation of mPFC during amphetamine chal-
lenge fits with the notion that psychostimulants can hamper
the mPFC (or dIPFC) function, leading to behavioral
disinhibition. This would impair proper decision-making
in favor of habitual impulses and previously conditioned
responses (Robbins, 1996; Jentsch and Taylor, 1999;
Bechara et al, 2001). On the other hand, the enhanced and
immediate response of the majority of OFC neurons to
amphetamine challenge may be a representation of the
higher salience assigned to the previously experienced drug.
Together, deficits in the executive control of behavior
(Everitt and Robbins, 2005), combined with a progressive
enhancement of the motivational value of the drug, can
increase the propensity for relapse when the individual is
challenged by drug or drug-associated cues. In the context
of schizophrenia, abnormal interaction of OFC and dIPFC in
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addition to causing cognitive doficits may lead to improper
encoding of stimulus-outcome contingencies period. This
will result in excessive emphasis being placed on irrelevant
stimuli leading to delusions and thought disorders, whereas
insufficient emphasis is placed on relevant stimuli causing
flattened affect and other so-called negative symptoms.

FUTURE DIRECTIONS AND CLINICAL
IMPLICATIONS

There is a growing recognition that circuit-level mechan-
isms are the proximal cause of disease-related symptoma-
tology. Although the emphasis of this line of reasoning
has been on cortical-subcortical interactions (Fujii and
Graybiel, 2005; Pasupathy and Miller, 2005), the evidence
reviewed above argues for the importance of intra-PFC
circuit-level reorganization during learning and as a
substrate for pathological vulnerability related to psychia-
tric disorders. The functional attributes of the PFC as a
whole depends on active interactions of multiple parallel
distributed networks where modular properties of specific
PEC subregions and the nature of neuromodulatory
afferents may determine the specific function served
(Fuster, 2001). Abnormal plasticity in any of the PFC
subregions may disrupt the dynamic interplay between
these structures, leading to cognitive deficits, exaggerated or
understated response to stimuli and an overall improper
planning of goal-directed behaviors.

The relevance of these mechanisms to addiction and
psychiatric disorders can be tested by future research
focused on concomitant measures of different PFC sub-
region activation in various contexts. In addition to
functional imaging studies, the interactions between these
regions can be evaluated by studying large-scale mechan-
isms that maintain the ability of various cortical regions to
dynamically interact with each other, as well as with
subcortical structures. These include measuring oscillatory
coherence and frequency-band phase locking among large
numbers of neurons on a dynamic and task-relevant basis
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Figure 4 Differential plasticity of mPFC and OFC in response to repeated amphetamine. Animals underwent daily amphetamine (2 mg/kg) injections for
5 days followed by a same dose challenge |0 days later. (a—b) Plasticity of individual neuronal responses to repeated amphetamine. Response of the same
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(adapted from Homayoun and Moghaddam, 2006). (d) Repeated exposure to amphetamine impairs PFC-dependent working memory. One month after
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(Varela et al, 2001; Grunze et al, 1996). These methods
provide excellent translational tools because of their
relevance to human EEG recordings and recent reports of
cortical oscillatory disruptions in individuals with schizo-
phrenia (Spencer et al, 2004; Cho et al, 2006; Heinks-
Maldonado et al, 2007). So far, these methods have been
successfully applied to investigate the circuitry-level me-
chanisms that are important for PFC’s interactions with
other regions. For example, Hyman et al (2005) revealed
network-level mechanisms that allow dynamic coordination
between the mPFC and hippocampus during performance
of two distinct tasks. They found that a subset of mPFC
neurons dynamically entrained their firing to hippocampal
theta rhythm based on the ongoing behavior. The same
group of neurons prominently encoded for the task-relevant
events by modulating their firing, suggesting that hippo-

campal oscillations selectively coordinate the mPFC circuits
that are engaged in task performance. It is important to
determine whether similar mechanisms support the con-
comitant dynamics of interacting PFC subregions.

The idea that disrupted dynamics of dIPFC-OFC inter-
action contributes to some brain disorders also provides
insights about the therapeutic efficacy of existing drugs and
design of novel approaches. Pharmacological manipulation
of neuromodulatory systems, such as the monoaminergic
systems, may work by fine tuning interacting PFC networks
and optimizing their function. For example, we recently
compared the effects of typical antipsychotic drug haloper-
idol with its superior atypical counterpart clozapine on the
firing activity of mPFC pyramidal neurons in vivo
(Homayoun and Moghaddam, 2007). Clozapine produced
a state-dependent ‘fine-tuning’ of mPFC neuronal activity in

Neuropsychopharmacology REVIEWS
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followed by same dose challenge |0 days later) during performance of an instrumental responding task in which nosepoke into a lit hole led to a food pellet
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their pre-injection activity, neurons were divided into task encoders, that is, those with a significant phasic response to one of the task relevant events (cue,
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Dorsolateral PFC

Orbitafrontal PFC

Figure 6 The dIPFC and the OFC display opposing pattern of activation during normal learning and cognition (see text). In disorders such as addiction or
schizophrenia, this normal pattern of opposed activation may be exaggerated.
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which less active ensembles were boosted while more
active ensembles were inhibited. This effect was not
produced by haloperidol, suggesting that such a fine-tuning
of PFC networks may contribute to higher clinical efficacy
of clozapine.

A non-pharmacological strategy to modify maladaptive
network-level dynamics may rely on utilization of deep
brain stimulation, repetitive transcranial magnetic stimula-
tion and vagus nerve stimulation, which can potentially
reorganize disrupted network interactions. Of note, some of
these modalities, as well as their predecessors such as
electric shock therapy, have proved effective against
refractory cases of mood disorder and schizophrenia
(Mayberg et al, 2005; Fitzgerald et al, 2006; O’reardon
et al, 2007). Future research should focus on how dynamics
of PFC circuitry, in particular OFC interactions with mPFC
and dIPFC, are affected by these interventions and identify
the parameters that can optimize their effectiveness.
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