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Abstract

It is commonly held that substance use comorbidity in schizophrenia represents self-medication,
an attempt by patients to alleviate adverse positive and negative symptoms, cognitive impairment,
or medication side effects. However, recent advances suggest that increased vulnerability to
addictive behavior may reflect the impact of the neuropathology of schizophrenia on the neural
circuitry mediating drug reward and reinforcement. We hypothesize that abnormalities in the
hippocampal formation and frontal cortex facilitate the positive reinforcing effects of drug reward
and reduce inhibitory control over drug-seeking behavior. In this model, disturbances in drug
reward are mediated, in part, by dysregulated neural integration of dopamine and glutamate
signaling in the nucleus accumbens resulting form frontal cortical and hippocampal dysfunction.
Altered integration of these signals would produce neural and motivational changes similar to
long-term substance abuse but without the necessity of prior drug exposure. Thus, schizophrenic
patients may have a predilection for addictive behavior as a primary disease symptom in parallel
to, and in many cases independent from, their other symptoms.
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Introduction

Substance disorder comorbidity, although common in many psychiatric illnesses, is
particularly prevalent in schizophrenic populations (Selzer and Lieberman 1993). Results
from the Epidemiologic Catchment Area (ECA) study show that schizophrenia ranks second
only to antisocial personality disorder (which included substance abuse criterion at the time)
in rates of substance abuse comorbidity (Reigier et al 1990). These ECA data also found that
patients with schizophrenia are 4.6 times more likely to have substance use disorders than
persons without mental illness (3 times higher for alcohol, 6 times higher for other illicit
drugs). Schizophrenic populations commonly use one or more of several substances,
including nicotine, alcohol, cannabis, cocaine, and amphetamines (Cuffel 1992; Dixon et al
1991; Mueser et al 1990; Schottenfeld et al 1993; Selzer and Lieberman 1993; Zisook et al
1992). Nicotine is clearly the most highly self-administered drug in schizophrenic
populations, with use rates ranging from 70 to 90%, compared with 26% in the general
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population (Buckley 1998; Giovino et al 1994; Hughes et al 1986; Masterson and O’Shea
1984; O’Farrell et al 1983). In independent populations of patients with schizophrenia,
lifetime prevalence of cocaine abuse or dependence ranges from 15 to 50%; amphetamine
abuse from 2 to 25%, alcohol abuse from 20 to 60%, and cannabis abuse from 12 to 42%
(Buckley 1998; DeQuardo et al 1994; Mueser et al 1990; Strakowski et al 1994).

Apart from socioeconomic and demographic factors, the most widely held explanation for
substance use comorbidity in schizophrenia and other mental illnesses is the self-medication
hypothesis (Buckley 1998; Dalack et al 1998; Krystal et al 1999). This hypothesis is based
on the psychologic construct of negative reinforcement, defined here as the reinforcing
property associated with the “purposeful removal of an aversive stimulus” (March 1999).
Self-medication hypotheses assert that patients use drugs to alleviate aversive disease
symptoms or medication side effects; however, a growing body of evidence suggests that the
neuropathology of schizophrenia may contribute to the vulnerability to addiction by
facilitating neural substrates that mediate positive reinforcement. This primary addiction
hypothesis is based on basic and clinical neuroscience literature that supports two
fundamental tenets:

1. The putative neuropathology underlying schizophrenia involves alterations in
neuroanatomic circuitry that regulate positive reinforcement, incentive motivation,
behavioral inhibition, and addictive behavior.

2. Experimental interventions that model neuropathologic and behavioral aspects of
schizophrenia in animals also facilitate positive reinforcement and the incentive
motivational effects of reward-related stimuli.

An inherent feature of this hypothesis is that both the schizophrenia syndrome and
vulnerability to addiction are primary disease symptoms, each directly caused by common
neuropathologic substrates (Figure 1). In contrast, the self-medication hypothesis asserts that
vulnerability to addiction is a reaction to the schizophrenia syndrome or medication side
effects, and thus represents a secondary symptom. In this scenario, drug use is dependent on
the experience or manifestation of symptoms; however, the primary addiction hypothesis
posits that both schizophrenia symptoms and addictive behavior occur as independent
manifestations of the same disease. This latter feature may account for the failure to find a
consistent association of drug addictions with alleviation of general or specific symptoms in
schizophrenia as described below.

First, several studies indicate that substance use rates in schizophrenic populations are
substantially higher when compared with other psychiatric populations who would be as
likely to self-medicate. For example, although smoking is suggested to alleviate negative
emotional states, anxiety, depression, or poor cognitive functioning, nicotine use in patients
with schizophrenia is more prevalent than in nonschizophrenic patients who exhibit similar
symptomatology as primary features of their disorders. Tobacco use is consistently reported
in more than 70% of schizophrenic patients but in less than half of patients with major
depression, anxiety disorders, panic disorders, and personality disorders (Glassman et al
1992; Hughes et al 1986; Pohl et al 1992). Even when considering the constellation of
symptoms in schizophrenia, there is no consensus among studies for substance use
comorbidity to be associated with any particular subset of symptoms in individual patients
(Cuffel et al 1993; DeQuardo et al 1994; Lambert et al 1997; Van Ammers et al 1997).
Instead, studies on large patient populations find that drug availability is a primary
determinant for the type of drugs patients use (Baigent et al 1995; Lambert et al 1997).
These findings may suggest an association between heterogeneous schizophrenia
presentations and a facilitation of the positive reinforcing and incentive motivational
properties of addictive drugs.
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A second consideration is that drugs of abuse have a complex array of effects in
schizophrenic patients, often producing outcomes that are inconsistent with the view that
these drugs serve to medicate their symptoms. For example, although some patients report
symptom relief with drug use, others report symptom exacerbation, and yet their drug use
persists (Addington and Duchak 1997; Selzer and Lieberman 1993). In many cases, self-
reports of symptom improvement with drug use are contradictory to concurrent objective
clinical observations that clearly show symptom exacerbation (DeQuardo et al 1994; Seibyl
et al 1993). Moreover, drug or alcohol use greatly increases the likelihood of
rehospitalization, length of hospitalization, need for greater neuroleptic dosage, and
treatment noncompliance in schizophrenic patients (Dixon 1999; Gerding et al 1999; Seibyl
et al 1993). Interestingly, the term self-medication is commonly used to explain high rates of
drug use in dual-diagnosis patients who are especially medication noncompliant (Agarwal et
al 1998; Seibyl et al 1993). These data suggest that similar to the natural course of
addictions in nonschizophrenic patients, the incentive motivational properties of drugs that
produce chronic drug taking in schizophrenia outweigh motivation to abstain stemming from
psychiatric, medical, and financial consequences of drug use.

Another observation indicating a dissociation of schizophrenia symptomatology from
addictive behavior is the prevalence of substance abuse before clinical presentation and
medication treatment in schizophrenic patients. Studies have found that both drug and
alcohol abuse occurs before the onset of psychosis and neuroleptic treatment in 14 to 69% of
cases of schizophrenia (Berti 1994; Buckley 1998). One study found that 77% of first-
episode patients are already smokers before treatment (McEvoy and Brown 1999). In
another study, smoking rates are 54% and 15% in early- versus late-onset schizophrenia
respectively, despite a similar duration of neuroleptic treatment (Sandyk and Awerbuch
1993). Although it is difficult to distinguish the initiation of drug use from the onset of
prodromal symptoms, in many cases addiction vulnerability may occur as a natural
antecedent to onset of other frank signs and symptoms, as a primary consequence of
neuropathologic brain development that will later present as schizophrenia.

A final limitation of attributing drug abuse to self-medication of symptomatology is the
assignment of treatment value to the effects unique to each type of abused drug while
overlooking their common ability to mediate positive reinforcement. Different drugs
commonly abused by schizophrenic patients produce highly specific effects on mood,
perception, and cognitive functioning, and even mutually opposing subjective experiences
via activity on a great diversity of neurotransmitter systems (Ling et al 1996). These facts
have lead to attempts to define independent neurobiological mechanisms for self-medication
specific to each drug of abuse in association with a particular psychiatric symptom, resulting
in a host of relatively disparate theories that are not generalizable to more than one drug.
Furthermore, these theories do not explain why standard medication treatments, with well-
known efficacy for a variety of symptoms in schizophrenia, are not alone generally effective
in reducing substance abuse in dual diagnosis cases (Selzer and Lieberman 1993). The
primary addiction hypothesis focuses on the common ability of the abused drugs to produce
incentive-motivation and positive reinforcement while remaining unencumbered by their
differential ability to worsen or ameliorate certain symptoms of schizophrenia. A pathologic
facilitation of incentive-motivational processes is consistent with observations that
schizophrenic patients are known to suffer from a variety of apparently “senseless”
motivational disturbances in parallel to substance abuse. These include motor and behavioral
stereotypies, frequent and inappropriate masturbation, polydipsia, bulimia, pacing, pica,
hoarding, and pathologic gambling (Aizengerg et al 1995; Chambers and Potenza 2001;
Luchins 1992; Skopec et al 1976).
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The primary addiction hypothesis offers a parsimonious explanation for substance use
comorbidity in schizophrenia by viewing addiction as an independent process stemming
directly from a common neuropathologic root. The hypothesis is synthesized from basic
neuroscience literature suggesting that neurodevelopmental alterations in schizophrenia
overlay precisely on neural substrates that regulate addictive behavior. We describe the
fundamental neurocircuitry implicated in both schizophrenia and addiction and how
neurodevelopmental alterations could disrupt normal signal integration within these circuits.
Experimental manipulation of key components in this circuitry is shown to directly facilitate
brain substrates that mediate positive reinforcement and to impair mechanisms that exert
inhibitory control over addictive behavior.

Common Neurocircuitry Implicated in Both Addiction and Schizophrenia

Involvement of the Mesolimbic Dopamine System in Addiction and Schizophrenia

Most drugs abused by humans also are self-administered by laboratory animals. A
substantial literature has established the mesolimbic dopamine system as a major neural
substrate for the reinforcing effects of psychostimulants, ethanol, nicotine, and cannabinoids
in animals (Fibiger et al 1992; Koob 1992; Wise 1990). This system consists of dopamine
(DA) neurons in the ventral tegmental area (VTA) and their target neurons in forebrain
regions such as the nucleus accumbens (NAc). Rats will self-administer DA, amphetamine
(which releases DA), and cocaine (which elevates DA levels by blocking reuptake), all
directly into the NAc, suggesting that DA receptors in the NAc mediate reinforcing stimuli
(Carlezon et al 1995; Dworkin et al 1986; Hoebel et al 1983). Other drugs used by
schizophrenic patients, such as ethanol, nicotine, and cannabinoids, also cause increased DA
release in the NAc, possibly through disinhibition of VTA DA neurons (Chen et al 1990;
Imperato and Di Chiara 1986; Tanda et al 1997). These findings have led investigators to
suggest that DA release in the NAc is a final common mechanism for the reinforcing effects
of psychostimulants and other abused drugs (Bozarth and Wise 1986; Di Chiara and
Imperato 1988).

The mesolimbic DA system also may be involved in mediating drug craving. This
hypothesis is based on the fact that stimuli that induce relapse in animal models and drug
craving in human studies are all known to increase DA levels in the NAc (Ito et al 2000;
Self 1998; Stewart 2000). These stimuli include small priming doses of drugs, stress, and
drug-associated cues. In humans, craving for cocaine, nicotine, and ethanol also is induced
by druglike DA agonists (Haney et al 1998; Jaffe et al 1989). In contrast, DA receptor
antagonists fail to induce heroin- or cocaine-seeking behavior (Shaham and Stewart 1996;
Weissenborn et al 1996), despite their ability to produce withdrawal-like aversive
consequences (Shippenberg and Hertz 1987). Moreover, although several studies suggest
that drug withdrawal is associated with hypofunction in DA reward substrates, these changes
actually are associated with anhedonia rather than increased drug-seeking behavior (Koob
and Le Moal 1997). Together these studies support the idea that drug craving is induced by
stimuli that facilitate, rather than depress, DA reward systems.

The mesolimbic DA system also pertains to schizophrenia, based on the classic findings that
1) typical neuroleptics exert antipsychotic activity via blockade of DA receptors; and 2)
psychostimulants elevate DA levels in the NAc, causing psychotic symptoms in both
“healthy” subjects and schizophrenic patients (Crow et al 1977; Lieberman et al 1990).
Contemporary revisions of the dopamine hypothesis suggest that schizophrenia symptoms
emerge from a functional hyperactivity of DA neurons projecting to the NAc, associated
with functional hypoactivity of DA neurons projecting to the frontal cortex (Davis et al
1991; Deutch 1993; Goldstein and Deutch 1992). Other revisions suggest that psychosis and
thought disorder may result, in part, from a state of abnormal glutamatergic cortical activity
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associated with exaggerated DA release or dysregulated DA signaling in the NAc
(Csernansky and Bardgett 1998). This imbalance of cortical and DA signaling may
contribute to improper gating of perceptual and thought processes (Hoffman and McGlashan
1993; Weinberger et al 1994).

The primary addiction hypothesis incorporates evidence of hyperactivity in NAc DA
signaling as it relates both to psychotic symptoms and addictive behavior. The ability of
typical antipsychotics to attenuate behavioral sensitization and reinforcement produced by
psychostimulants agrees with this idea (Glenthoj et al 1993; Richardson et al 1994; Roberts
and Vickers 1987). In rats, an imbalance favoring subcortical over cortical DA signaling,
whether biologically inherent or experimentally induced, increases sensitivity to the
reinforcing effects of psychostimulants (McGregor et al 1996; Piazza et al 1991; Schenk et
al 1991). Stress also activates the mesolimbic DA system and is known to exacerbate
psychatic symptoms, stimulate drug craving in human drug abusers, and induce drug-
seeking behavior in animals (Lieberman et al 1990; Sinha et al 1999; Stewart 2000; Walker
and Diforio 1997). It is possible that an imbalance of cortical-subcortical DA contributes to
stress-induced exacerbation of psychosis and drug seeking in patients with schizophrenia. In
this regard, the subset of NAc neurons responsive to stress are also thought to be a primary
locus of antipsychotic activity (Deutch 1993).

Dysregulation in Cortical, Temporal Limbic, and Mesoaccumbens Circuits Is Implicated in
Both Schizophrenia and Substance Abuse Disorders

Although functional hyperactivity in the mesolimbic DA system may be involved in both
schizophrenia and addictive behavior, it is important to consider neuropathology in a larger
neural network that integrates mesolimbic DA in the NAc with cortical and hippocampal
inputs. The integration of these circuits occurs at the level of individual medium spiny
neurons in the NAc, which receive convergent excitatory input from the prefrontal cortex
(PfC) and the hippocampal formation and DA input from the VTA. Integration of these
signals in NAc neurons is thought to contribute substantially to the motivational
consequence of drugs or drug-related stimuli. If so, dysfunctional integration of cortical,
hippocampal, and DA signals in schizophrenic patients could significantly alter their
propensity for addictive behavior.

Network dysregulation in schizophrenia may act similarly to the network dysregulation in
drug addiction. Jentsch and Taylor (1999) suggested that chronic drug exposure produces
pathophysiologic changes that contribute to loss of cortical control over DA-mediated
behavior. This loss of cortical control is thought to sensitize animals to the incentive-
motivational effects of drugs, contributing to compulsive drug self-administration (Jentsch
and Taylor 1999). Other evidence suggests that chronic, drug-induced neuroadaptations in
DA receptor signal transduction in the NAc could alter the impact of DA signals from the
VTA and glutamate signals from the PfC and hippocampus (Self 1998; Self and Nestler
1998; White and Kalivas 1998). Interestingly, drug-induced changes include decreases in
inhibitory G proteins in the NAc, changes that also have been found in postmortem NAc
tissue from schizophrenic patients (Sumiyoshi et al 1995; Yang et al 1998). Notably,
decreases in inhibitory G proteins in the NAc have been found to produce escalation in
cocaine self-administration in rats (Self et al 1994) and would expectedly produce a similar
escalation of drug use in schizophrenic patients.

The primary neuropathology in schizophrenia remains unknown, but current theories are
focused on neurodevelopmental abnormalities in cortical and temporal-limbic structures,
particularly the hippocampal formation and the PfC (Bunney and Bunney 2000; Selemon
and Goldman-Rakic 1999; Weinberger et al 1994). The hippocampus develops over a longer
period than any other forebrain structure, and its cell migration paths are long, complex, and
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particularly vulnerable to genetic or environmental disturbances during the second trimester
of gestation (Scheibel and Conrad 1993). Postmortem tissue from schizophrenic patients
shows a disruption in the laminar distribution of cells in the CA1-CA3 subfields of the
hippocampus (Scheibel and Conrad 1993). In addition, hippocampal neurons have decreased
soma size in schizophrenic patients (Arnold et al 1995). Histopathologic abnormalities are
corroborated by neuroimaging showing reductions in hippocampal-amygdaloid volume,
concomitant with increased lateral ventricular volume, and proportional to severity of
symptoms (Bogarts et al 1993). Importantly, these abnormalities are localized to
hippocampal regions that are thought to normally provide excitatory input to the PfC and
frontal subcortical structures. The resultant dysfunctional circuitry may contribute to a
decrement in frontal cortical functioning and effectiveness during executive tasking, as well
as a relative hyperactivity of DA function in the NAc correlating with the onset of psychosis
(Weinberger and Lipska 1995). Thus, clinical manifestation of these hippocampal
abnormalities are thought to become evident after frontal cortical and associated subcortical
structures undergo final maturation during and after adolescence (Goldman-Rakic 1994).
The validity of this neurodevelopmental theory is supported in rat studies, where postnatal
ventral hippocampal damage produces hypersensitivity to amphetamine-induced locomotion
but emergent only after adolescence (Lipska et al 1993).

Figure 2 illustrates how developmental abnormalities in hippocampal and PfC projections to
the NAc may contribute to an overall functional hyperresponsiveness to mesoaccumbens
DA release by reducing cortical and hippocampal regulation over DA-mediated responses in
schizophrenia (Weinberger and Lipska 1995). This disinhibition of subcortical DA systems
would parallel theories of reduced cortico-striatal tone associated with drug addiction
(Jentsch and Taylor 1999;Volkow and Fowler 2000).

Abnormal input from cortical and hippocampal sources may cause identifiable changes in
markers of DA signaling in the ventral striatum. For instance, amphetamine challenge in
schizophrenic patients produces abnormally elevated DA release as marked by heightened
displacement of radiotracer from D2 receptors in the striatum (Abi-Dargham et al 1998).
Attempts to identify postsynaptic alterations consistent with a functional DA
supersensitivity, have been conducted by measurement of striatal D2 receptor densities in
living or postmortem brains of schizophrenic patients. A series of these studies variously
shows increases, decreases, or no changes, perhaps as a result of variability in patient
subgroups, including large differences in neuroleptic exposure (Farde 1997; Haney et al
1998, 1999; Joyce et al 1988; Laruelle 1998; Nordstrom 1995; Martinot et al 1994). The
possibility that schizophrenia is associated with changes in striatal D2 receptor density is
notable in light of human and animal studies suggesting that D2 receptors are primarily
involved in drug craving (DeVries et al 1999; Self et al 1996; Wise 1990). In this vein,
Seeman has described evidence that the ratio of D2 receptor densities to D1 receptors is
increased in the striatum of drug-naive schizophrenic patients (Seeman et al 1989) and has
shown that deficits in the normal coupling of intracellular elements common to D1 and D2
receptors (Seeman and Nitznik 1990). Because D1 receptors are implicated in opposing the
drug-seeking effects of D2 receptor agonists (Self et al 1996), an increase in the D2/D1 ratio
or disruption in D2-D1 coupling may be associated with increased vulnerability to drug
addiction.
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A Neurophysiologic Basis for Vulnerability to Addiction in Schizophrenia:
In Vivo Studies of the Role of the Hippocampal Formation in Modulating
Nucleus Accumbens-Mediated Responses

Anatomy and Neurochemistry of Hippocampal-NAc Connections

The ventral-proximal subiculum (a major output structure of the hippocampal formation)
and the CAL region of the hippocampus send direct projections to the NAc in a
topographically organized manner (Groenewegen et al 1987; Kelley and Domesick 1982;
Naber and Witter 1998). These hippocampal-subicular axons pass through the fimbria-fornix
and diffusely innervate the entire anterior-posterior extent of the NAc (Kelley and Domesick
1982). Hippocampal and VTA DA axons form synapses in close proximity on medium
spiny neurons of the NAc, suggesting that physiologic interactions occur at the level of
individual dendrites (Sesack and Pickel 1990; Totterdell and Smith 1989).

Hippocampal inputs to NAc release the neurotransmitter glutamate, which acts on
postsynaptic NAc neurons, but hippocampal activity also can modulate DA release in the
NAc through both “direct” and “indirect” pathways. The direct pathway involves local
modulation of DA terminals by hippocampal-subicular afferents to the NAc (Blaha et al
1997). The indirect pathway involves subicular outputs to other brain regions that excite
VTA DA neurons and subsequently stimulate DA release in the NAc (Legault et al 2000;
Legault and Wise 1999). This latter pathway may involve hippocampal-subicular projections
to the PfC or ventral pallidal neurons, which in turn project to the VTA (Legault et al 2000;
Todd and Grace 1999). In any event, hippocampal modulation of NAc neurons apparently
involves convergent modulation of both gluta-matergic and dopaminergic signaling.

Integration of DA and Glutamatergic Signals in NAc Neurons

Nucleus accumbens neurons are excited by direct mono-synaptic projections from several
distal brain regions, including the PfC, amygdala, thalamus, entorhinal cortex, and the
subiculum-CAL region of hippocampal formation (Finch 1996; Lopes da Silva et al 1984;
O’Donnell and Grace 1995; Pennartz et al 1994). Excitatory inputs from up to five of these
distal regions may converge on a single NAc neuron, resulting in unique spatial-temporal
patterns of activity (Finch 1996). For example, concurrent stimulation of the PfC and
hippocampal formation produces additive responses in a subset of NAc cells, whereas other
unique responses are produced by concurrent stimulation of amygdalar and hippocampal
inputs (Finch 1996). Pennartz et al (1994) proposed that specific ensembles of neurons in the
NAc perform computations that represent various motivational states. These ensembles
receive distinct combinations of convergent information from the hippocampus, PfC,
amygdala, and VTA, altered firing patterns in these ensembles are thought to determine
behavioral output relating to premotor planning or motivation state (Pennartz et al 1994).
Building on this framework, O’Donnell et al (1999) proposed that hippocampal afferents
convey spatial information, whereas amygdalar afferents convey emotional information,
both of which ultimately interact to gate activity in ventral-striatal-thalamo-prefrontal-
cortical circuits. These ventral-striatal-thalamo-prefrontal-cortical circuits are hypothesized
to regulate ordered thought and motivational state analogous to the dorsal striatal system,
where striatal-thalalmo-cortical circuits are thought to direct ordered movement (Cummings
1993; Groenewegen et al 1997).

The hippocampal inputs to the NAc are of particular importance because they function by
gating inputs from other brain regions such as amygdala and PFC (O’Donnell and Grace
1995). For example, NAc neurons display three general patterns of baseline activity: 1)
silent, 2) spontaneously firing at low constant rates, or 3) one of two bistable membrane
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potentials, one of which exhibits a high rate of spontaneous firing (O’Donnell and Grace
1995). Activation of hippocampal afferents— but not cortical, amygdaloid, or thalamic
afferents—induces bistable cells to move to the depolarized or active state. Stimulation of
PfC inputs to the NAc fails to alter firing of NAc neurons unless they are facilitated by intact
hippocampal input, indicating that hippocampal input gates information flow through
cortico-ventral-striatal projections (O’Donnell et al 1999; O’Donnell and Grace 1995). Other
work suggests that hippocampal input also influences neuroplasticity in NAc neurons. For
example, tetanizing stimulation of the fimbria-fornix pathway results in long-term
potentiation in NAc neurons but causes long-term depression in NAc neurons receiving
concurrent input from the basolateral amygdala (Mulder et al 1998). Therefore,
developmental neuropathology in hippocampal function in schizophrenia would produce
profound disruption of these gating and neuroplastic processes.

Dopamine generally acts to dampen the excitatory response to cortical and hippocampal
afferents in NAc neurons (O’Donnell and Grace 1994; O’Donnell and Grace 1996;
O’Donnell et al 1999; Yang and Mogenson 1984). Importantly, this effect would allow
fewer bistable NAc neurons to enter the depolarized or active state, thereby reducing the
influence of PfC afferents (O’Donnell et al 1999). In the PfC, phasic DA release also can
dampen PfC output to the NAc by rendering PfC neurons less responsive to excitatory
stimulation from the hippocampal formation (Jay et al 1995). Therefore, a DA flux can act
via at least three different mechanisms to take NAc neurons “off-line” from prefrontal
executive modulation: 1) reducing activity in PfC-NAc afferents, 2) reducing NAc and PfC
responsiviness to hippocampal input, and 3) reducing NAc responsiveness to PfC input.
Together these DA effects could reduce inhibitory control over reward-seeking and other
DA-mediated behaviors. This idea is supported by a vast neuropsychiatric literaturethat
describes behavioral disinhibition following frontal lobe injuries in humans (Cummings
1993). A loss of inhibitory control over DA-mediated behaviors may in turn contribute to
both schizophrenia and addictive symptomatology. Interestingly, the dampening effect of
DA on cortical and hippocampal inputs to the NAc is mediated primarily by D2 receptors,
which are implicated both in exacerbation of psychotic symptoms and in compulsive drug-
seeking behavior associated with hyperactivaton of the DA system (DeVries et al 1999;
O’Donnell and Grace 1994; Self et al 1996; Sunahara et al 1993).

The Hippocampus Modulates NAc-Mediated Behaviors Associated with Schizophrenia and
Substance Abuse

Pharmacologic or surgical compromise of hippocampal function can produce animal
behavior consistent with a relative “hyperdopaminergic state” in mesolimbic DA pathways
that mimics certain features of the schizophrenia syndrome (Lieberman et al 1990; Lillrank
et al 1995; Lipska et al 1992; Reinstein et al 1982; Schaub et al 1997; Whishaw and
Mittleman 1991; Wilkinson et al 1993). Notably, lesions of the hippocampus in animals can
produce hypersensitivity to dopaminergic stimulation that is greater than that produced by
lesions of the PfC or the amygdala, consistent with the hierarchical dominance of
hippocampal over PfC and amygdalar inputs to the NAc (Schaub et al 1997). Moreover, the
impact on DA-mediated behavior corresponds to the extent of the lesion and is greater with
comprehensive lesions of multiple hippocampal substructures (Mittleman et al 1998).

Adult rats with lesions of the hippocampal formation also exhibit greater NAc DA release
when exposed to conditioned stimuli associated with foot-shock stress, consistent with a
hyperdopaminergic state (Saul’skaya and Gorbachevskaya 1998); however, neonatal
hippocampal lesions produce hyperlocomotion to stress and amphetamine, without altering
stress- and amphetamine-induced DA release in the NAc (Brake et al 1999; Lillrank et al
1999). This latter effect may represent an acquired postsynaptic or neural network
hypersensitivity to NAc DA responses, resulting from disruption of hippocampalcortical
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inputs during postnatal maturation (Brake et al 1999; Lillrank et al 1999).
Neurodevelopmental hippocampal abnormalities underlying schizophrenia could therefore
sensitize DA responses at the level of NAc neuronal ensembles, which may mimic
sensitization in DA systems that occurs with repeated drug exposure, increasing
vulnerability to drug addiction (Jentsch and Taylor 1999; Self and Nestler 1998; White and
Kalivas 1998). Interestingly, acute activation of the CA1 region of the hippocampus and
subiculum also increases locomotor behavior and DA release in the NAc, possibly via
hippocampal regulation of VTA cell firing as discussed earlier (Brudzynski and Gibson
1997; Legault et al 2000; Ma et al 1996). Together these results suggest that although acute
activation of the intact hippocampus can produce phasic DA release in the NAc, permanent
hippocampal lesions also increase the relative effects of dopaminergic activity on NAc
neuronal ensembles. Also, the degree to which this relative dopaminergic effect may be
detected as changes in markers of DA function may depend on the developmental stage at
the time of the hippocampal insult.

An important behavioral parameter associated with DA system functioning in humans and
animals and with cognitive gating deficits in schizophrenia is the disruption of latent
inhibition (LI). Normal LI refers to the ability of a stimulus preexposure, before Pavlovian
conditioning, to weaken the subsequent association of the stimulus with salient events.
Persons with acute, unmedicated psychosis or normal subjects administered dopaminergic
psychostimulants both show a reduced capacity for L1 (Baruch et al 1988; Gray et al 1992).
Loss of LI in schizophrenia has been interpreted as “an inability to screen out irrelevant
stimuli” or a “disruption in the normal ability to use past contextual regularities as a guide to
current information processing” (Gray et al 1995; Weiner 1990). Notably, patients with
schizophrenia treated with typical neuroleptics show a restoration of LI (Baruch et al 1988).
Similarly, animals with lesions to the greater hippocampal formation show loss of some
forms of LI that is restored with haloperidol administration, suggesting hippocampal
involvement in these forms of inhibitory control over behavior (Schmajuk et al 2000).
Furthermore, the disruption of LI produced by hippocampal lesions is attributed to
hyperactivity in the meso-NAc DA system, suggesting that certain features of schizophrenia
may involve a similar mechanism (Gray et al 1995).

Abnormalities in L1 associated with hyperdopaminergic states may also produce
abnormalities in reward-related learning processes. Dopamine neurons normally fire in
response to novel rewards and diminish firing as rewards become more predictable
(Hollerman and Schultz 1998). This transition could be disrupted by a hyperdopaminergic
state produced by dysfunctional cortical-hippocampal input to NAc and by drug-induced DA
release, leading to continuous neural representation of rewards as novel. Thus, in addition to
cognitive gating deficits in LI, reward-related learning may be altered by hippocampal
dysfunction. Furthermore, lesions of ventral hippocampus in adult rats increase resistance to
extinction from food reinforced behaviors and reduce avoidance of rewards paired with
conditioned fear (Clark et al 1992). These data suggest that the hippocampus mediates
control over behavior associated with inhibitory learning (extinction and conditioned
avoidance). In addition, hippocampal lesions decrease food neophobia and increase the
reinforcing efficacy of sucrose or electrical stimulation of reward pathways (Burns et al
1996; Kelley and Mittleman 1999; Schmelzeis and Mittleman 1996). Together these
behavioral findings suggest that hippocampal dysregulation in schizophrenia could enhance
the reinforcing efficacy produced by natural and drug rewards by interfering with normal
inhibitory control over compulsive reward-seeking behavior.

Biol Psychiatry. Author manuscript; available in PMC 2010 August 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chambers et al.

Summary

Page 10

This article reviews evidence that developmental neuropathology in hippocampal and PfC
pathways contributes both to symptoms of schizophrenia and to vulnerability to addictive
behavior via dysfunctional interactions with the NAc. This hypothesis posits that substance
disorder comorbidity represents an independent primary disease symptom in schizophrenia,
rather than a form of self-medication secondary to classic schizophrenia symptoms or
medication side effects.

The primary addiction hypothesis is based on substantial data that directly relates deficits in
hippocampal-cortical function with neurochemical, neurophysiologic, and neurobehavioral
alterations consistent with a facilitation of both schizophrenia and addictive behavior. Figure
3A illustrates this hypothesis by showing that hippocampal and PfC outputs normally exert
inhibitory control over DA-mediated behavior via their interaction with NAc neurons.
During this “resting state,” homeostasis between hippocampal-cortical inputs and low basal
dopaminergic tone contribute to stability in neuronal ensembles and suppression of
uncontrolled goal-directed behavior in favor of executive premotor planning. The
behaviorally “activated state” is produced by phasic DA surges in response to novelty,
natural or drug rewards, stressful situations, or exposure to salient cues associated with
rewards (Figure 3B). These DA surges act in the PfC to dampen afferents to the NAc and in
the NAc to counteract the glutamatergic influence of hippocampal and PfC inputs. The vast
majority of NAc output neurons (many of which receive hippocampal and PfC input) send
descending GABAergic projections to the ventral globus pallidus and other brain-stem
structures involved in thalamocortical loops that regulate thought, premotor planning,
motivation, and movement (Mugnaini and Ortel 1985; Yang and Mogensen 1985).
Dopaminergic surges in the NAc could diminish NAc GABAergic outflow to these
structures, serving to translate motivation into behavioral action (Lavin and Grace 1994).
Thus, DA surge would shift NAc function toward activation of motivated behavior, either in
the form of appetitive (approach) or aversive (withdrawal) responses. In schizophrenia
(Figure 3C), developmental alterations in hippocampal and PfC ultra-structure impair the
ability of hippocampal projections to provide excitatory drive of PfC-NAc projections and
provide effective facilitation of PfC inputs to the NAc, resulting in functional
hyperresponsiveness to basal and drug-stimulated DA release. Thus, the patient with
schizophrenia is particularly sensitive to the reward-activated, relative hyperdopaminergic
state induced by addictive drugs in the NAc, by virtue of reduced inhibitory control over
DA-mediated behavior. Such cortical-hippocampal dysfunction ultimately could lead to
perseveration of drug-seeking and a propensity for relapse, as well as classic schizophrenic
symptomatology.

This hypothesis integrates both clinical and basic neurobiological data and offers a
comprehensive heuristic framework to direct future investigations on substance abuse
comorbidity in schizophrenia. Its major clinical implications include the need to introduce
substance abuse education and other forms of prevention early in the course of treatment.
Furthermore, this hypothesis also may suggest an explanation for dual diagnosis cases in
other psychiatric disorders thought to involve hippocampal dysfunction, including
posttraumatic stress disorder, border-line personality disorder, and major affective disorders
(Chambers et al 1999). Further studies are needed to determine whether animal models of
hippocampal dysfunction in schizophrenia can produce certain core features of the addicted
phenotype, such as escalating drug intake and a propensity for relapse. These studies
potentially could identify both convergent and divergent mechanisms for comorbidity
between addictive behavior and schizophrenia. A better understanding of these mechanisms
will inevitably provide the basis for better treatment strategies for motivational disturbances
that are pervasively present in the mentally ill.
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Figure 1.

The self-medication hypothesis suggests that substance abuse comorbidity is a secondary
reaction to primary schizophrenia symptoms, representing a negative reinforcement model
of symptom alleviation. The primary addiction hypothesis suggests that propensity for drug
addiction is itself a primary symptom in schizophrenia directly resulting from
neuropathologic processes that facilitate positive reinforcement, increasing the motivational
and behavioral responses to addictive drugs.
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Figure 2.
(A) The neural network implicated in reward, drug addiction, and schizophrenia. Excitatory

afferents to the nucleus accumbens (NAc) from the hippocampal formation relay contextual
information relevant to reward and motivation. Excitatory afferents from the prefrontal
cortex (PfC) relay command and inhibitory information to the NAc relevant to regulation of
thought and motivation. In the NAc, glutamatergic afferents from hippocampal formation
and the PfC interact with dopaminergic afferents from the ventral tegmental area (VTA) to
regulate motivational processes. (B) In both schizophrenia and drug addiction, a functional
disorganization of afferent excitatory communication to the NAc contributes to relative
hyperresponsivity to dopaminergic input from the VTA, increasing motivational salience of
drugs and drug-related stimuli. In schizophrenia, dysregulation of hippocampal outputs may
disrupt PfC communication to the NAc, weakening executive-inhibitory influence on
motivational processes by reducing the impact of PfC inputs (gating), reducing excitatory
drive of PfC-NAc projections, or both. Dopamine, black arrow; glutamate, striped arrow.

Biol Psychiatry. Author manuscript; available in PMC 2010 August 2.



1dudsnuey Joyiny vd-HIN 1dudsnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Chambers et al.

Page 20

GLU \

VTA hippocampus

+
GLIL<\

VTA hippocampus

VTA hippocampus

A. NAc ‘resting state’

B. NAc ‘activated state’

C. NAc in schizophrenia

Figure 3.
(A) Nucleus accumbens (NAc): “resting state.” Ensembles of GABAergic neurons are

regulated by a balance of glutamatergic afferents from prefrontal cortex (PfC) and other
limbic regions and by dopaminergic afferents from the ventral tegmental area (VTA).
Hippocampal input to the NAc facilitates PfC glutamatergic modulation of NAc neurons
while also provoking low basal dopamine (DA) release to maintain stability of neuronal
ensembles. This balance provides ongoing inhibitory tone of GABAergic efferents on
striatal output structures. In this state, behavioral inhibition is maintained. (B) Nucleus
accumbens: “activated state.” During presentation of novel, rewarding, or stressful stimuli or
exposure to addictive drugs, DA surges in the NAc and PfC, dampens PfC influence on NAc
neurons. This DA surge also attenuates hippocampal input, further diminishing its ability to
facilitate PfC modulation of NAc neurons. Attenuation of PfC tone, coupled with DA surges
in the NAc, causes changes in NAc GABAergic outflow, altering neuronal activation of
ventral pallidal and thalamic nuclei. In this state, reward-seeking behavior is disinhibited.
(C) In schizophrenia, abnormal hippocampal afferents to the NAc and PfC and
hyperfunctioning of DA signals result in a relatively inflexible motivation system due to a
failure of executive PfC control over NAc neurons. This “relative” hyperfunctioning of DA
input is associated with a baseline that operates closer to the “activated state” (Figure 3B)
and is less able to enter a “resting state” (Figure 3A). Such dysregulation may create a lower
threshold for DA releasing stimuli to recruit motor output programs, and drug reward-
seeking behavior is disinhibited.
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