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Neurochemical Sensitization in the
Pathophysiology of Schizophrenia:
Deficits and Dysfunction in Neuronal
Regulation and Plasticity

Jeffrey A. Lieberman, M.D., Brian B. Sheitman, M.D., and Bruce ]. Kinon, M.D.

Existing pathophysiological models of schizophrenia are
limited in their ability to account for all the clinical
dimensions of the disorder. The purpose of this article is to
describe a comprehensive hypothesis of the pathophysiology
of schizophrenia and specifically how a deficit in neural
regulation of developmental origin can lead to a pathologic
form of neuroplasticity, i.e., neurochemical sensitization,
which causes the onset and psychotic symptoms of the
illness. We propose that the symptoms of schizophrenia may
be caused by deficits in neural regulation resulting in a
pathoelogic condition of neurochemical sensitization
analogous to the preclinical model of pharmacologically-
induced behavioral sensitization. This condition, if
sustained, can lead to potential neurotoxic effects which
produce structural neuronal alterations and persistent
morbidity. Several lines of indirect and direct clinical
evidence are consistent with this hypothesis. These include
the ability of stimulant and psychotomimetic drugs to

induce psychosis in normal subjects, the development of
apparent sensitization to psychosis-inducing effects of
stimulants in chronic stimulant abusers and the increased
susceptibility of patients with schizophrenia to the
psychotogenic effects of Dopamine (DA) agonists. This
hypothesis integrates and extends the work of other
investigators and is consistent with specific aspects of the
longitudinal course of schizophrenia. The association of
longer duration and more episodes of psychosis, with poor
treatment response and outcome, are also consistent with
this model. From this hypothesis, specific predictions about
the illness course, treatment interventions, and
pathophysiologic features of schizophrenia can be derived
and tested through clinical investigation.
[Neuropsychopharmacology 17:205-229, 1997]
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Despite the burgeoning knowledge in the neurosciences
and the increasing efficacy of treatments for the psycho-
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pathology of schizophrenia, investigators have been
unable to elucidate the pathophysiology and etiology of
schizophrenia. The heterogeneity of the disorder, mani-
fest in its highly variable phenomenology, treatment re-
sponse, illness course, and outcome, is frequently cited
as the potential reason for these difficulties (Andreasen
and Carpenter 1993). There have been numerous attempts
to identify homogeneous subtypes of schizophrenia,
but none have been definitively validated.

It has been postulated that the heterogeneity in pa-
tients with schizophrenia may be due to multiple etiolo-
gies resulting in different pathophysiologic mechanisms
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(Tsuang et al. 1990), or alternatively, as the result of a
common etiopathogenic process (Crow 1990a) with in-
nate constitutional differences between people (Carpen-
ter and Kirkpatrick 1988) and its potential for expres-
sion at different stages of maturational development
(Weinberger et al. 1987), or environmental factors (Mur-
ray et al. 1986; Lieberman et al. 1990; McCreadie et al.
1993) that may be responsible for some of the variability
in disease manifestations and course.

At the same time, a debate has evolved as to whether
the disease process in schizophrenia is wholly of neuro-
developmental pathology or also involves a pathophys-
iological component (possibly neurodegenerative) that
progresses in the course of the illness (Carpenter et al.
1991; 1993; Waddington In Press). Various investigators
influenced by the clinical deterioration evident in the
longitudinal course of schizophrenia, originally empha-
sized by Kraepelin (1919, 1971), have posited the in-
volvement of neurodegenerative processes (Olney 1989,
1995; Lieberman et al. 1990; Wyatt 1991, 1995; Loebel et
al. 1992; Coyle 1995). On the other hand, Weinberger
(1987, 1995), among others (Feinberg 1982; Crow 1990a;
Murray et al. 1992; Murray 1994; Bloom 1993), has per-
suasively argued that neurodevelopmental pathology,
long preceding the formal onset of the disorder, eventu-
ally leads to a static encephalopathy.

Investigators have previously suggested the poten-
tial involvement of mechanisms of neuronal plasticity
in a variety of normal developmental processes, e.g.,
learning and memory (Hebb 1949; Kandel and Schwartz
1982; Teyler and DiScenna 1987; Cotman et al. 1988;
Robertson 1992), as well as pathologic conditions in-
cluding: schizophrenia (Braff et al. 1978; Feinberg 1982;
Zigmond et al. 1990; Grace 1991; Glenthoj et al. 1993b);
psychosis (Post and Kopanda 1976; Kalivas and Stewart
1991); affective disorders (Post et al. 1986, 1992a, 1992b);
epilepsy (Goddard 1967; Post et al. 1976); substance
abuse (Post et al. 1976; Nestler 1993; Grace 1995); post-
traumatic stress disorder (Post et al. 1988; Charney et al.
1993; Friedman 1994); and tardive dyskinesia (Draga-
now et al. 1990). The purpose of this article is to de-
scribe a comprehensive hypothesis of the pathophysiol-
ogy of schizophrenia and specifically how a deficit in
neural regulation can lead to a pathologic form of
neuroplasticity, i.e., neurochemical sensitization, which
causes the onset and psychotic symptoms of the illness.
This hypothesis integrates and extends the work of other
investigators (Crow 1980; Post et al. 1976, 1986; Post 1980,
Weinberger 1987, 1995; Csernansky et al. 1990; Kalivas
and Stewart 1991; Grace 1991, 1993, 1995), and we believe
provides greater explanatory power for the clinical phe-
nomena of the disease.

We will briefly review selected pathophysiologic
models of schizophrenia and their limitations (to provide
a context in which to present our hypothesis), propose
our pathophysiologic model of schizophrenia, describe
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animal models depicting the behavioral and neurobio-
logical manifestations of sensitization, examine the clin-
ical and neurobiological data that support sensitization
in schizophrenia, describe the clinical phenomena and
neurobiology of syndromes related to schizophrenia
which also adhere to a sensitization model or to analo-
gous plasticity models, and lastly describe the implica-
tions of this hypothesis and experiments by which to
test it.

SELECTED NEURODEVELOPMENTAL AND
NEUROCHEMICAL HYPOTHESES
OF SCHIZOPHRENIA

Prevailing etiopathophysiologic hypotheses of schizo-
phrenia postulate neurodevelopmental models of dis-
ease pathogenesis. These state that specific pathogenic
lesion(s) or process(es) (genetic or environmental), pre-
cede the formal onset of the disorder occurring in gesta-
tion or early postnatal periods. There is strong evidence
of a genetic component in the etiology of schizophrenia
from family, twin, and adoption studies (Tsuang et al.
1991; Kendler and Diehl 1993). However, since there is
only a 30-50% concordance rate for schizophrenia
among monozygotic twins (Kendler and Diehl 1993), it
is believed that there must be some epigenetic or envi-
ronmental factor(s) that influences the expression of
genes. Other etiologic factors that, individually or in
combination with genetic vulnerability (the so-called
two hit model), can lead to schizophrenia have in-
cluded prenatal viral exposure or autoimmune reac-
tions (Torrey 1991; Murray et al. 1992; Kirch 1993), or
nutritional deficiency (Susser and Lin 1991) and obstet-
ric complications (Lewis and Murray 1987).

Neurodevelopmental Hypotheses

The evidence in support of neurodevelopmental hy-
potheses includes: consistent findings of abnormalities
in cytoarchitecture and synaptogenesis in brain regions
which undergo maturation during gestation and persist
into adulthood and, presumably, are present at the on-
set of schizophrenia (Kovelman and Sheibel 1984; Jacob
and Beckmann 1986; Akbarian et al. 1993a, 1993b, 1995;
Benes 1995a); the appearance of prenatally determined
minor physical anomalies (Green et al. 1994), including
dermatoglyphic differences between monozygotic
twins discordant for schizophrenia (Bracha et al. 1991);
the premorbid history of many schizophrenic patients
who had social, motor, and cognitive deficits (Fish 1977;
Erlenmeyer-Kimling and Cornblatt 1987, Walker and
Lewine 1990; Done et al. 1994); the lack of any definitive
evidence of neurodegeneration, e.g., gliosis (Bogerts
1993); and the existence of brain pathomorphology
prior to, and at the onset of, illness with lack of defini-
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tive evidence of its progression (Weinberger 1984; Il-
lowsky et al. 1988; Lieberman et al. 1992).

Three neurodevelopmental theories attempt to ex-
plain the substantially delayed onset of the symptoms
of schizophrenia from the time of the initial pathogenic
process. These include: 1) the failure in the cortical neu-
ronal pruning process in adolescence and early adult-
hood which coincides with the characteristic peak pe-
riod of onset of schizophrenia (Feinberg 1982); 2) a
failure in the development of lateralization of function
and cerebral asymmetry which leads to psychotic
symptom development in the context of neurodevelop-
mental maturation (Crow 1990a); and 3) the maturation
of the dorsolateral prefrontal cortex in early adulthood
which results in the bringing “on line” of a dormant le-
sion in the limbic system (Weinberger 1987) and subse-
quent mesiotemporal frontal disconnectivity (Lipska et
al. 1995). This latter explanation of the pathophysiology
of schizophrenia is supported by an animal model in
which a neonatally induced lesion in the ventral hip-
pocampus of rodents does not manifest itself behavior-
ally until post puberty (Lipska and Weinberger 1993a).

Dopamine Hypothesis

While aberrant neurodevelopmental processes (engen-
dered by genetic or environmental etiologic factors)
predispose patients to the disease, the actual onset and
course of the illness have been explained, predomi-
nantly, by neurochemical and stress/vulnerability hy-
potheses. The dopamine (DA) hypothesis, despite its
obvious limitations, remains the preeminent neurochem-
ical theory of schizophrenia (Snyder et al. 1974; Meltzer
and Stahl 1976; Davis et al. 1991). It postulates that an
overactivity in neurotransmission from DA cell bodies
located in the ventral tegmental area (VTA) of the mid-
brain, to their terminal fields in the nucleus accumbens
and limbic cortex, results in the development of psy-
chotic symptoms. Two lines of evidence support this,
both indirect, yet formidable. The first is that the thera-
peutic dose of antipsychotic drugs is proportional to
their binding affinity for the D-2 receptor (Creese et al.
1976; Seeman et al. 1976). The second is from studies of
psychostimulants which show that a significant number
of schizophrenia patients will have an exacerbation of
their psychotic symptoms if challenged with a low dose
of a DA agonist that would not produce these symptoms
in “normal” subjects (Lieberman et al. 1987). In addition,
high enough doses of DA agonists can produce psy-
chotic symptoms in subjects with no prior history of
psychosis (Angrist and Gershon 1970), which can be re-
versed by antipsychotic drugs (Angrist et al. 1974).

The DA hypothesis of schizophrenia has undergone
multiple revisions and has been extended to include
both cortical and subcortical components (Weinberger
1987; Seeman 1987; Davis et al. 1991; Grace 1991;
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Deutch 1992). Deafferentation of frontal cortical neu-
rons has been shown to result in decreased cortical DA
activity and increased subcortical DA activity (Pycock
et al. 1980). The hypodopaminergic state in the frontal
cortical terminal fields of the (mesocortical) DA neu-
rons, whose cell bodies are located in the VTA, has been
hypothesized to be the basis of the “negative symp-
toms” of schizophrenia, i.e., avolition, apathy, alogia,
and asociality, while hyperactivity of mesolimbic DA
neurons are believed to cause the psychotic (“positive
symptoms”) of the disorder (Weinberger 1987; Wein-
berger et al. 1988; Davis et al. 1991). Grace (1991) has
suggested a mechanism by which this can occur involv-
ing the regulation of DA release in subcortical regions
by two independent mechanisms, a transient or im-
pulse dependent “phasic” DA release resulting from
VTA neuronal firing and a sustained or “tonic” release
regulated by prefrontal cortical afferents. A deficiency in
prefrontal cortical activity would result in a decrease of
tonic inhibition of phasic DA release from mesolimbic
neurons.

Glutamate Hypothesis

At the same time, there are numerous limitations of the
DA hypothesis. First, no direct evidence of pathologic
DA neuronal activity, e.g., increased levels of DA, its
metabolites, or receptors, that are not potentially arti-
facts of antipsychotic drug treatment have been consis-
tently found. Second, functional imaging studies have
found no differences in the percentage of D-2 receptor
occupancy between responders and nonresponders to an-
tipsychotic medication (Wolkin et al. 1989; Coppens et
al. 1991; Pilowsky et al. 1993). Third, the atypical antip-
sychotics clozapine and risperidone have lower D-2 af-
finities that are disproportionate to the doses at which
they produce therapeutic effects (Kerwin 1994; Seeman
and Van Tol 1994). Fourth, drugs that alter opiate, sero-
tonin, and excitatory amino acid neurotransmission
have the ability to induce psychotic states (Snyder
1987). Fifth, a variety of other neurotransmitter abnor-
malities, in addition to DA, have been reported in neu-
rochemical studies of schizophrenic patients (reviewed
in Lieberman and Koreen 1993). Alternative neuro-
chemical hypotheses of schizophrenia have also been
postulated (reviewed in Lieberman and Koreen 1993).
More recent ones have emphasized the primacy of the
role of glutamatergic neurons (Javitt and Zukin 1991)
and their interaction with DA via GABAergic interneu-
rons in a corticostriatal-thalamocortical feedback loop
(Carlsson and Carlsson 1990). These suggest that defi-
ciencies in the inhibitory effects of cortical subcortical
glutamatergic projections result in enhanced DA neu-
ronal activity producing pathologic behavior. Most re-
cently evidence of NMDA receptor hypofunction (Ol-
ney and Farber 1995) or antagonism (Tsai et al. 1995)
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that could result in DA hyperactivity has been derived
from rodent and human post-mortem studjies.

Stress and Vulnerability Hypothesis

It has long been known that schizophrenia is a stress
sensitive disease. The onset of illness is frequently pre-
cipitated by a stressful event, while relapses are often
occasioned by stressors (Norman and Malla 1993). This
has given rise to the notion that schizophrenia develops
when a threshold of stress tolerance in a vulnerable in-
dividual is exceeded (Zubin and Spring 1977). Thus, al-
though all people are vulnerable to stress, patients pre-
disposed to or with schizophrenia are more sensitive
and react uniquely to stressful stimulation. A substan-
tial number of studies have demonstrated the role of
DA neuronal activity specifically of the mesolimbic and
mesocortical systems in mediating the behavioral ef-
fects of stress stimulation (Deutch and Roth 1990; Kali-
vas and Stewart 1991).

PATHOPHYSIOLOGY AND THE
LONGITUDINAL COURSE
OF SCHIZOPHRENIA

Despite their intellectual appeal and evidentiary sup-
port, a major limitation of existing pathophysiological
theories in their inability to account for the phenome-
nology and course of schizophrenia. Particular aspects
of the illness which have not been adequately explained
by existing models are its characteristic onset in late ad-
olescence and early adulthood, the longitudinal course
and process of deterioration (in terms of exacerbations
and remissions and the accrual of morbidity in the form
of positive, negative and cognitive symptoms and func-
tional impairment). In light of the neurodevelopmental
and genetic/epigenetic theories of schizophrenia, which
postulate that the pathogenic process and consequent
neuropathology occur in gestation or early development,
perhaps the most difficult feature of the illness to ex-
plain is the delay in the onset of illness until the second
or third decades of life. Moreover, no pathophysiologi-
cal model has satisfactorily explained the longitudinal
course of the illness and its variable expression through
all of its phases, though several have accounted for
some phases and dimensions of the illness (Crow 1980,
1985; Feinberg 1982; Hafner et al. 1993; Weinberger
1987; Carpenter and Kirkpatrick 1988; Lipska and
Weinberger 1993; Andreasen et al. 1995). For example,
what determines the age and mode of onset of illness?
Why do some patients become treatment resistant?
What accounts for the development of negative symp-
toms and the evolution of psychopathology? And fi-
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nally, what factors determine illness course, outcome
and clinical deterioration?

Thus, there is a need to develop new or broaden ex-
isting pathophysiologic models of schizophrenia. In
this context we have hypothesized that disturbances in
the normative processes of neuronal plasticity which
facilitate cellular adaptation to physiologic stimulation,
may be a critical factor in the pathophysiology of schizo-
phrenia. Previous investigators have suggested that one
such neuroplastic mechanism, which plays an impor-
tant role in disease pathophysiology is sensitization
(Post and Kopanda 1976; Csernansky et al. 1990; Kalivas
and Stewart 1991; Grace 1991; Lieberman et al. 1990,
1994b; Glenthoj et al. 1993b). Behavioral sensitization is
a well defined and widely replicated phenomenon in
which intermittent pharmacologic (or environmental)
stimulation produces a progressive and enduring en-
hancement of a behavioral response rather than de-
creased response (tolerance) (Wolf et al. 1993). We sup-
port the proposal of prior investigators that sensitization
does indeed play a critical role in the disease process,
(in our view particularly in the prodromal and early
phases of the illness). However, we would extend the
previous hypotheses by suggesting that sensitization
does not represent the entire pathophysiologic process
in schizophrenia but rather is one stage of a sequence of
pathophysiogical events which occurs at the critical
stage of disease onset and early course. In fact, it is our
extended hypothesis for a comprehensive model of
schizophrenia that the pathophysiology of schizophrenia
unfolds in three stages. These are described in Table 1.
The first arises in the gestational and perinatal periods
and consists of neurodevelopmental cytoarchitectural
abnormalities in the cerebral cortex that result from a
failure of normal neural development and migration
which establishes a deficient matrix for the ensuing
neuromaturational events that enables synaptic connec-
tivity. These failures ultimately lead to a deficient ca-
pacity for neuromodulation. The second stage arises
much later (in adolescence and early adulthood) and
underlies the prodromal, psychosis onset and early
course of the illness. This involves the development of
endogenous neurochemical sensitization in response to
environmental stimulation (e.g., life events, stress, drug
abuse). The third stage involves the development of a
limited neurotoxicity which occurs as consequence of
progressive sensitization and underlies the deteriora-
tion and residual phases of the illness. The evidence for
the first stage has been extensively reviewed (Mednick
and Hollister 1995; Murray 1994; Bloom 1993). The evi-
dence for the third stage is the most speculative and
only beginning to emerge. Consequently, although we
will briefly describe the comprehensive model later in
the article in order to put the sensitization process in
context, we will focus on the second stage, for which we
believe there is substantial evidence.
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Table 1. Pathophysiological Stages of Schizophrenia

1 2 3
Stage Neurodevelopmental Neuroplastic Neurotoxic
Period of life cycle Gestation, perinatal Late adolescence,  Adult

early adult
Phase of illness Premorbid Prodromal, onset, Residual
(subclinical) deteriorative
Pathophysiological =~ Unknown, (possibly Neurochemical Neurotoxicity
process genetic, infectious sensitization {(unknown mechanism,

immune, traumatic)

Anatomic loci Cortical neurons

possibly oxidative
stress, excitotoxic
apoptosis)
Cortical-limbic
striatal neurons

Meso-limbic-
striatal cortical
circuits

Table 1 depicts three hypothesized pathophysiological stages of schizophrenia. Each stage is described in
terms of when it arises (period of life cycle), which aspects and clinical phases of the illness it underlies
(phase of illness), its pathophysiology (pathophysiological process), and its anatomic and neural substrate
(anatomic loci). The first stage arises in the gestational and perinatal periods, and consists of cytoarchitectural
abnormalities in the cerebral cortex that result from a failure of normal neural development and synaptogen-
esis which establishes a deficient matrix for the ensuing neuromaturational events. This failure ultimately
leads to a deficient capacity for neuromodulation. The second stage arises much later (in adolescence and
early adulthood) and underlies the prodromal, psychosis onset, and early course of the illness. This involves
the development of neurochemical sensitization in response to environmental stimulation (e.g., life events,
stress, drug abuse). The third stage involves the development of a limited neurotoxicity which occurs as con-
sequence of progressive sensitization and underlies the deterioration and residual phases of the illness.

SENSITIZATION
Models of Sensitization

Sensitization is defined as an augmented motor or be-
havioral response resulting from prior exposure to nox-
ious stimuli (Kandel 1991). Sensitization in the inverte-
brate model has a short-term form lasting minutes and
a long-term form which may last weeks or longer de-
pending on the number of stimuli presented. Short-
term sensitization has been studied at the cellular level
in the aplysia and found to be due to synaptic facilita-
tion (Kandel and Schwartz 1982). There is evidence of a
continuum from short-term to long-term sensitization
in the aplysia which includes the following: the same
locus for synaptic connections; enhanced neurotrans-
mitter release; and the same neurotransmitter and sec-
ond messengers implicated (Greenberg et al. 1987).
However, there are also important differences (Goelet
et al. 1986). Long-term sensitization requires the synthe-
sis of new protein and mRNA which is not necessary
for the short-term phenomena (Alberini et al. 1994).
This has two important consequences in the aplysia.
First, there is a persistent activation of the cAMP-depen-
dent protein kinase which allows substrate proteins to
be maintained in the phosphorylated state for the long-
term (Sweatt and Kandel 1989). Secondly, morphologi-
cal changes are evident in long-term sensitization with
the growth of synaptic connections, with both increased
synaptic input and an increase in dendrite size on the
motor neurons (Bailey and Chen 1983).

Sensitization has been repeatedly demonstrated in
mammalian animal models, mostly with rodents and is
often referred to as behavioral sensitization. This has
typically taken the form of an augmentatior in locomo-
tor activity in response to a pharmacologic or stressful
stimulation, due to prior pharmacologic pretreatment.
This is assessed by either an increased number of cage
crossings or an increase in the magnitude or intensity of
repetitive behaviors (stereotypies). However, the neu-
robiology of mammalian sensitization at the cellular
level, either short- or long-term, has not been fully elu-
cidated. Nevertheless, a great deal has been learned
about both the inductive and expressive components of
behavioral sensitization (reviewed by Robinson and
Becker 1986; Kalivas and Stewart 1991). Behavioral sen-
sitization in rodents can be induced by a variety of
pharmacologic agents, including DA and opiate ago-
nists (Robinson and Becker 1986), and noncompetitive
NMDA antagonists (Wolf and Khansa 1991). Environ-
mental stress (Sorg and Kalivas 1991) can also induce
sensitization and has been demonstrated to be cross-
reactive with many types of pharmacologically induced
sensitization, including DA and opiate agonists (Antel-
man et al. 1980; Kalivas and Stewart 1991). In addition,
a conditioning component has been demonstrated in
previously sensitized animals whereby animals exhibit
stereotyped behavior, even before receiving additional
injections, if placed in the same observation cages
(Ellinwood 1971). Behavioral sensitization in mammals,
as in lower order organisms, can be induced by a single
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stimulus, with the magnitude of the response depen-
dent on both the number of times that the stimulus is
repeated, and the length of time from the pretreatment
to the challenge, with the longer time interval produc-
ing more augmentation (Antelman et al. 1986). How-
ever, the temporal boundaries of this phenomenon in
terms of the production of a maximum or loss of ef-
fect have yet to be determined. Furthermore, the pat-
tern of administration, i.e., intermittent versus contin-
uous, is a more critical variable than the total amount
of pharmacologic stimulation (Post 1980; Reith et al.
1987; King et al. 1992; Csernansky et al. 1990; Glenthoj
etal. 1990.)

Induction of Sensitization

Sensitization has two phases, induction and expression.
Available data suggest that the induction of sensitiza-
tion requires stimulation of the DA cell bodies in the
ventral tegmental area (VTA) (Kalivas 1993a,c). Injection
of amphetamine or morphine directly into the VTA, or
systemically, induces sensitization to a future amphet-
amine challenge (Kalivas and Stewart 1991). The injec-
tion of DA or opiate agonists directly into the DA termi-
nal fields, both the striatum (Kalivas and Stewart 1991)
or frontal cortex (Hooks et al. 1992) does not induce sen-
sitization. This effect appears to be mediated through
D-1 receptors since an injection of the selective D-1 an-
tagonist SCH-23390 into the VTA concurrently with
amphetamine (Stewart and Vezina 1989) or morphine
(Kalivas and Stewart 1991) blocks the induction of sen-
sitization. Injection of selective D-2 antagonists (e.g.,
sulpiride) concurrently with a nonselective DA agonist
does not block the induction of sensitization (Vezina
and Stewart 1989). The preferential D-2 antagonists
haloperidol and pimozide, that have a lower affinity for
the D-1 receptor, block the development of behavioral
sensitization from cocaine, amphetamine, and morphine
administration respectively (Weiss et al. 1989; Ujike et
al. 1989; Vezina and Stewart 1989). Morphine induced
behavioral sensitization, that can also be blocked by
coadministration of naloxone (Kalivas and Stewart 1991),
has been hypothesized to occur via its inhibitory actions
on inhibitory GABAergic interneurons resulting in en-
hanced somatodendritic DA release (Hommer and Pert
1983; Kalivas and Stewart 1991; Lacey et al. 1989). The
indirect role of GABAergic neurotransmission is also
supported by the ability of the GABAg agonist baclofen,
when injected into the VTA, to block the induction of
behavioral sensitization from systemic cocaine adminis-
tration (Kalivas and Stewart 1991).

The excitatory amino acids (EAA) may have a central
role in the induction process. Systemic administration
of MK-801, an NMDA antagonist, can block the induc-
tion of sensitization from systemically administered co-
caine (Wolf and Khansa 1991) or morphine (Jeziorski et
al. 1994). Systemic administration of DNQX, a non-
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NMDA competitive antagonist, will block the induction
and expression of sensitization from systemically ad-
ministered amphetamine (Karler et al. 1991). Though
the effects of EAA stimulation have been postulated to
occur via indirect effects on DA neurotransmission, re-
peated administration of MK-801 alone resulted in sen-
sitization to its own locomotor stimulant effects, but not
to a subsequent amphetamine challenge (Wolf and
Khansa, 1991).

In addition to the VTA, two temporal lobe structures,
the amygdala and hippocampus, may be anatomical
loci where EAA receptor stimulation is required for the
induction process to occur. Pretreatment with the
NMDA antagonist MK-801 administered directly into
the ventral amygdala or the VTA, blocked the induction
of behavioral sensitization resulting from systemic co-
caine administration (Kalivas 1993b). Lesioning of the
fimbria fornix which interrupts the hippocampal effer-
ent glutamatergic fibers to the nucleus accumbens also
prevented the induction of behavioral sensitization
from methamphetamine administration (Yoshikawa et
al. 1991).

Based on the anatomical and neurochemical find-
ings, the induction of sensitization appears to require
D-1 receptor stimulation in the VTA either directly by
DA agonists, or indirectly via GABAergic inhibition, or,
alternatively, via EAA receptor stimulation alone.

Expression of Sensitization

In contrast to its induction, the expression of sensitiza-
tion is contingent upon stimulation of the DA terminal
fields (Kalivas 1993d). Administration of DA agonists,
either systemically or directly to the striatum (but not
the VTA) in previously sensitized animals, results in an
enhanced behavioral response. This effect appears to be
D-2 mediated since challenging previously sensitized
animals with selective D-2, but not D-1 agonists, results
in an augmented behavioral response (Levy et al. 1988;
Ujike et al. 1990). In addition, while NMDA antagonists
administered systemically are able to block the induc-
tion of sensitization, they have no effect on the expres-
sion of an augmented behavioral response in previ-
ously sensitized animals (Karler et al. 1991). However,
D-2 antagonists cannot fully block the enhanced re-
sponse in previously sensitized animals (Martin-Iver-
son and Reimer 1994). Based on these results it has been
hypothesized that the induction and expression of sen-
sitization are mediated by separate neurobiologic pro-
cesses (Karler et al. 1991; Kalivas and Stewart 1991).

Neurobiologic Basis of Sensitization

Investigations in mammalian species, primarily rodents,
to delineate the neurobiology of sensitization have con-
centrated on three brain regions: 1) the DA terminal
fields in the dorsal and ventral striatum; 2) the frontal
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cortex; and 3) the midbrain DA cell bodies. Contrary to
expectations, an upregulation of DA neurotransmis-
sion, analogous to that seen in the invertebrate model,
has not been found. Studies of postsynaptic dorsal stri-
atal DA receptor binding have been inconclusive with
more evidence indicating a downregulation than an up-
regulation, and a similarly inconclusive but a predomi-
nant pattern of downregulated D-2 receptors also evi-
dent in the ventral striatum (Robinson and Becker
1986). This apparent downregulation of D-2 binding in
sensitized animals suggests the potential presence of in-
creased synaptic neurotransmitter concentrations. Stud-
ies of freely moving animals pretreated with DA ago-
nists that measured extracellular DA concentrations in
the striatum through in vivo microdialysis, both before
and after a DA agonist challenge, generally agree that
prior to the challenge extracellular DA concentrations
are not elevated (Kalivas and Stewart 1991). However,
post challenge extracellular DA concentrations were
found to be elevated in most (Kalivas and Stewart 1991)
but not all studies (Hurd et al. 1989; Segal and Kuczen-
ski 1992). The discrepancy in results may be secondary
to the time interval from the pre- to postchallenge as
well as other methodologic differences. Consistent ele-
vations in postchallenge extracellular DA are found in
those studies that used at least a 2 week interval from
pre- to postchallenge. The association of dysregulation
in extracellular DA with disturbed behavior suggests
that the abnormal substrate may not be the absolute
concentration. Supportive of this interpretation is a re-
cent study (Giros et al. 1996) of mice with the gene for
their DA transporter (DAT) “knocked out” which re-
sulted in behaviors that resembled those of a sensitized
animal. As the DAT knock-out mice had decreased syn-
aptic levels of DA as measured by in vivo microdialysis
(under basal and poststimulation conditions), it was
concluded that the critical factor responsible for the ab-
normal behavior was not the absolute level but the dis-
turbance in synaptic regulation that resulted in a longer
period of DA in the synapse at physiologic concentra-
tions. Preliminary results of PET studies in humans (that
will be subsequently described) have also shown distur-
bances in synaptic regulation of DA predominantly in
the form of increased concentrations of extracellular DA
(Reith et al. 1994; Breier et al. 1995; Laruelle et al. 1996;
Farde et al. 1996).

There is also evidence that subsequent to sensitiza-
tion by amphetamine (Robinson et al. 1985; Hammura
and Fibiger 1993), or by an NMDA antagonist (Wedzony
et al. 1993), acute administration of a DA agonist pro-
duces increased extracellular DA concentrations in the
frontal cortex, while basal levels are unchanged.

Developmental Course of Sensitization

Behavioral sensitization is dependent upon the stage of
maturational development. It cannot be induced prior
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to postnatal day 21 in the rat by intraperitoneal drug
administration of amphetamine (Fujiwara et al. 1987;
Kolta et al. 1990; Tsuchida et al. 1994) or phencyclidine
(Scalzo and Holson 1992). Interestingly, this parallels
the experience with ketamine use as a dissociative anes-
thetic in children but not in adults in whom it produces
psychotogenic effects (Marshall and Longnecker, 1990).
This had been explained as normal ontogenetic devel-
opment of the DA system by the fact that the DA au-
toreceptor is neither differentiated nor functional until
that time, while the postsynaptic DA receptor had been
reported functional by postnatal day 4 (Hedner and
Lundborg 1985). Interestingly, stress at critical stages of
early development can also lead to altered DA activity
and stress reactivity in the adult animal (Takahashi et
al. 1992), as can prenatal exposure of rodents to DA ag-
onists (Johns and Noonan 1995). This time course in de-
velopment of behavioral sensitization demonstrates the
time and maturation dependent nature of the expres-
sion of this pathologic phenomenon. A similar se-
quence of events may be seen in the natural course of
schizophrenia, whereby the neuropathologic changes
appear to predate the onset of psychosis, though most
patients do not have their formal onset of illness until
late adolescence or early adulthood.

GENERIC FEATURES AND FUNCTION OF
NEUROPLASTIC MECHANISMS

In addition to sensitization, mechanisms of neuronal
plasticity are involved in a wide array of central nervous
system functions, and are broadly defined as the ability
of neurons to alter some functional property in response
to alterations of input, by changing the effectiveness of
synaptic connections (Shaw et al. 1994). Neuroplastic
mechanisms can be involved in normative, adaptive,
and pathologic functions, and include long term potenti-
ation (LTP), kindling and habituation. These are clearly
different phenomena, yet appear to respond in an anal-
ogous fashion to different patterns of stimulation
(Dragunow et al. 1989; Kandel 1991; Shaw et al. 1994).
Long-term potentiation has been hypothesized as a neu-
robiologic mechanism in learning and behavior (Teyler
and DiScenna 1987; Cotman 1988; Kandel 1991), while
kindling has been hypothesized as a pathophysiologic
mechanism in the major affective disorders (Post et al.
1986) and temporal lobe epilepsy (Sutula 1990). Habitu-
ation, defined as a learned suppression of a response to
a stimulus which is neither noxious nor rewarding, is an
adaptive response in the invertebrate and results from
diminished neurotransmission between sensory, motor,
and interneurons (Kandel 1991).

Major questions remain unanswered in the physiol-
ogy of neuronal plasticity. Initial attempts to identify a
“crucial molecule” common to all forms of central ner-
vous system plasticity has now been replaced by a hy-
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pothesis of a dynamic cascade of interacting molecules
which may differ from one system to the next, but with
the underlying nature of the neuronal modification be-
ing similar across systems (Shaw et al. 1994). It has been
hypothesized that the function of neuronal plasticity in
adult animals is to provide a means to respond to per-
turbations of the central nervous system that will allow
the maintenance of the baseline homeostasis. Moreover,
neuroplastic responses are not limited to the system di-
rectly perturbed but can propagate changes to other
neurotransmitter systems with which they functionally
interact.

Though sensitization as it occurs in the invertebrate,
e.g., aplysia, and the mammal, results in an enhanced
locomotor response, it is unlikely that identical neurobi-
ologic mechanisms mediate the behavioral augmenta-
tion in both species. In addition, the phenomenon as de-
scribed in the invertebrate model is adaptive for the
organism, while the sensitization described in mam-
mals appears to reflect a pathologic process. Whether
the augmented behavioral response of mammals result-
ing from prior stimulation is the result of enhanced or
diminished synaptic neurotransmission (e.g., the result
of a diminished inhibitory input which allows the ex-
pression of a previously suppressed behavior) is un-
known. Disinhibition of behavior normally regulated
by higher cortical functions is a long established princi-
ple and is consistent with the expression of striatal func-
tions and has been hypothesized as a general mecha-
nism underlying many of the symptoms observed in
movement disorders, e.g., chorea, myoclonus, tics, trem-
ors, and ballistic movements, as well as behavior (Jack-
son 1931; Chevalier and Deniau 1990).

Adaptive and Pathological Forms of
Neuronal Plasticity

Different forms of neuronal plasticity can produce
adaptive and pathologic effects. Long-term potentiation
reflects a neurophysiologic capacity of neurons whereby
an enduring enhancement of the post synaptic re-
sponse, measured by an increase in the excitatory syn-
aptic potential, results from prior afferent stimulation
(Teyler and DiScenna 1987; Cotman et al. 1988). This
process is central to learning and memory, and has been
studied most extensively in the hippocampus where ac-
tivation of NMDA receptors is necessary to induce LTP
(Shaw et al. 1994). The NMDA receptor has also been
hypothesized to be central to the kindling phenomenon
(McNamara et al. 1990). Kindling is a pathophysiologic
process whereby repetitive subthreshold electrical or
chemical stimuli to certain brain areas will eventually
induce threshold responses (Goddard 1967; Neppe 1985).

The similarities and differences between LTP and
kindling have been extensively reviewed (Cain 1989;
Draganow et al. 1989). Although the premise that LTP
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may be the cellular mechanism of kindling has face va-
lidity (since both are induced by the localized applica-
tion of brief, high frequency trains of electrical impulses
and result in a pattern of progressively augmented re-
sponses), this has not been fully determined. Indeed
there are also significant differences between LTP and
kindling. Among these are that LTP is adaptive or
physiologic, while kindling leads to a pathologic pro-
cess; LTP decays in a few hours to a few weeks whereas
kindling is enduring; if LTP is allowed to decay to base-
line, no evidence of an enhanced responsiveness is evi-
dent if LTP is reintroduced; enhanced norepinephrine
transmission will consistently retard kindling while it
either has no effect or will enhance LTP; cFOS induction
occurs in kindling but is seen only in certain types of
LTP; although some mutual facilitation often exists be-
tween kindling and LTP, a variety of interactions have
been reported including no enhancement and some-
times a diminished response. Thus, neurophysiologic
phenomena that appear to be generally analogous can
differ in their functional properties as well as whether
their ultimate effects are adaptive or pathologic.

It has also been hypothesized that kindling and the
behavioral sensitization of mammals may be represen-
tative of the same or analogous phenomena, one being
induced by intermittent electrophysiologic stimulation,
the other by intermittent pharmacologic stimulation
(Post and Kopanda, 1976). This is supported by studies
demonstrating the enduring nature of both phenomena
(Goddard et al. 1969; Robinson and Becker 1986), their
mutual facilitation (Kirby and Kokkinidis 1987; Cser-
nansky et al. 1988; Glenthoj et al. 1993a; Schenk and
Snow 1994), the expression of immediate early gene
products in both (Norman et al. 1993; Kiessling and
Gass 1993); the ability of the NMDA antagonist MK-801
to block the induction of sensitization (Wolf and
Khansa 1991; Kalivas 1993) and inhibit the kindling
process (Sato et al. 1988), and the fact that kindling and
behavioral sensitization both result in pathologic neu-
ronal activity. We can speculate that both kindled sei-
zures and the development of behavioral sensitization
from intermittent DA agonist administration (whose
behavioral analogue in humans we suggest would be
psychopathology including psychosis) may result from
a progressively diminishing capacity of regulatory or
homeostatic mechanisms to maintain the baseline non-
pathologic level of VTA DA neuronal activity. There-
fore, the pattern of stimulation (Csernansky et al. 1990;
Glenthoj et al. 1990) and the anatomic location of neu-
rons stimulated may be the critical variables in deter-
mining the specific nature of pathologic responses. The
pattern and frequency of CNS perturbation, intermit-
tent vs. continuous, determine the magnitude of re-
sponse, whereas the anatomic site and neuronal popula-
tion perturbed results in the specific type of the
response. In rodents, stimulation of the dorsal striatum
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produces stereotypies (Randrup and Munkvad 1965;
Costall and Naylor 1977): the ventral striatum-hyperac-
tivity (Seeger et al. 1982), hippocampus-seizures (Sutula
1990), and amygdala-enhanced startle response (Rosen
and Davis 1988).

CLINICAL EVIDENCE FOR NEUROCHEMICAL
SENSITIZATION IN SCHIZOPHRENIA

Stimulants Effects in Normals, Substance Abusers
and Schizophrenics

Three lines of evidence suggest the potential role of
neurochemical sensitization as a pathophysiologic mecha-
nism in schizophrenia. First, DA agonism in the form of
high dose administration of psychostimulants (“stimu-
lant loading”) can produce psychotic symptoms includ-
ing delusions, hallucinations, and a thought disorder
which mimic schizophrenia in healthy subjects (Griffith
et al. 1968; Angrist and Gershon 1970). If stimulant ad-
ministration is stopped, the psychotic symptoms will
spontaneously subside, or can be reversed by the ad-
ministration of antipsychotic medication (Angrist et al.
1974). Second, single administrations of stimulants at
low doses (which do not produce psychotic symptoms
in healthy subjects) have been shown to exacerbate psy-
chotic symptoms in a substantial proportion of patients
with schizophrenia (Janowsky et al. 1973; Lieberman et
al. 1987). This exacerbation spontaneously subsides
within hours and can be reversed with antipsychotic
medication (Angrist et al. 1974). Moreover, the psy-
chotogenic potency of stimulants is proportional to
their potency in displacing DA from presynaptic stor-
age pools, and/or binding to the DA transporter
thereby inhibiting DA reuptake (Janowsky and Davis
1976; Wall et al. 1993; Cline et al. 1992; Volkow et al.
1995). This has been interpreted as evidence that pa-
tients with schizophrenia have an enhanced sensitivity
to the behavioral effects of DA agonists. The lack of
symptom exacerbation in some of the patients has been
attributed to the heterogeneity of the illness, or, alterna-
tively, the progression of the illness which results in a
diminished responsivity to DA agonist administration
(Lieberman et al. 1993a,b). The phenomenon appears to
be state dependent in that stable, nonpsychotic schizo-
phrenia patients are less susceptible to develop tran-
sient psychosis activation compared to patients with ac-
tive psychotic symptoms (Lieberman et al. 1987). DA
agonist administration has also been examined as a test
to predict relapse in schizophrenia (Angrist et al. 1980;
Van Kammen et al. 1982; Lieberman et al. 1994a). Stable
nonpsychotic patients underwent provocative testing
with DA agonists and then were followed prospectively
after withdrawal of neuroleptic medications. Patients
who had a transient psychotic symptom activation had
a significantly shorter time to relapse than patients who
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did not have a symptom exacerbation. This was inter-
preted as a possible sign of an increased reactivity of
DA neural systems in the patients who became psychotic
after DA agonist stimulation (Lieberman et al. 1994).

The third line of evidence comes from observations
of stimulant abusers. The intermittent use of stimulants
in low to moderate doses, on a chronic basis, has been
observed to produce a delayed onset psychosis in a sig-
nificant proportion of stimulant abusers (Sato et al.
1992). Moreover, after recovery from stimulant induced
psychosis, abusers exhibit a lower threshold to the in-
duction of psychotic symptoms upon subsequent stim-
ulant exposure. This phenomenon, referred to as stimu-
lant induced sensitization, has been studied extensively
in Japan, where there have been several epidemics of
methamphetamine abuse since World War II. As a con-
sequence of repetitive stimulant use a substantial num-
ber of persons went on to develop psychotic symptoms
which persisted long after the termination of the stimu-
lant intake and ultimately required antipsychotic drug
treatment (Iwanami et al. 1994).

Another phenomenon common to both stimulant
abusers and schizophrenics is their enhanced vulnera-
bility to stress. It has been widely demonstrated that pa-
tients with schizophrenia are susceptible to symptom
exacerbation in response to a variety of environmental
stressors (Norman and Malla 1993; McCreadie et al.
1993; Mari and Steiner 1994). Moreover, some schizo-
phrenia patients are susceptible to relapse due to psy-
chological stressors, even while maintained on antipsy-
chotic medication (Kane and Lieberman 1987). Stimulant
abusers, similarly, have a propensity to experience a
psychotic relapse in the context of psychological stress,
even during periods of abstinence (Sato et al. 1992).

Though less well studied, the comorbidity of stimu-
lant abuse and schizophrenia has raised concerns about
the possibility of their interaction exacerbating the
course of schizophrenia and moving it further along a
“continuum of severity” leading to a deteriorating
course, i.e., resistance to antipsychotic drugs and per-
sistent positive and negative symptoms (Lieberman et
al. 1990).

Course of Illness

Evidence from studies of the longitudinal course of
schizophrenia also support a potential role for sensiti-
zation in the pathophysiology of the illness. From 30%
to 60% of patients experience some progression of their
illness, with psychotic relapse(s) resulting in lower lev-
els of recovery and higher levels of residual symptoms
(Wyatt 1991). The deterioration occurs predominantly
in the early stages of the illness (McGlashan and Fenton
1993), the first five years for the most part, while some
have even suggested that the prepsychotic phase is the
initial period of deterioration (Carpenter and Kirk-
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patrick 1988). Kraepelin’s initial descriptions of the de-
teriorating course of schizophrenia are particularly rele-
vant since they are based on observations prior to the
availability of antipsychotic medication. Studies which
use typical clinical samples and demonstrate a deterio-
rating course and outcome for schizophrenia patients
are often criticized for possibly reflecting an overrepre-
sentation of more severely ill patients, with the subjects
who have a better outcome dropping out of the mental
health system, thereby producing a biased population
(Regier et al. 1984). Evidence for a deteriorating course,
however, has also been found in studies of first episode
schizophrenia patients who were then followed pro-
spectively from 1 to 5 years (Huber et al. 1980; May et
al. 1981; Crow et al. 1986; Loebel et al. 1992). They
found that the length of time a person experienced psy-
chotic symptoms in their first episode of illness, prior to
receiving pharmacologic treatment, was a significant
predictor of the time to treatment response (Loebel et al.
1992), relapse (Crow et al. 1986), and long-term out-
come (Huber et al. 1980; May et al. 1981). Specifically,
the longer the duration of psychosis the poorer the
treatment response and outcome. In addition, studies
that followed patients over successive episodes of ill-
ness found that some of the patients took longer to re-
cover or, in some cases, failed to recover as they had in
their previous episode (Wyatt 1991; Loebel et al. 1995;
Lieberman et al. 1996). It was thus postulated that psy-
chosis may reflect a pathologic process which dimin-
ishes the ability of the patient to respond to antipsy-
chotic medication. The pattern of results is consistent
with a process of sensitization.

Clinical Neurobiologic Evidence for Sensitization

Direct evidence of increased DA neuronal activity in
schizophrenia has not been consistently demonstrated.
Measures which have been studied include DA metabo-
lites (HVA and DOPAC) in CSF, plasma, and urine; an-
terior pituitary hormones that are regulated by DA (e.g.,
prolactin and growth hormone) (Lieberman and Koreen
1993), and DA receptors (D-1, D-2, D-4) in postmortem
tissue (Seeman et al. 1987; Pearce et al. 1990; Seeman and
Van Tol 1995, Murray et al. 1995), and PET scans (Wong
et al. 1986; Farde et al. 1990; Sedvall 1992; Nordstrom et
al. 1995; Rieth et al. 1994). Studies of DA receptors have
produced the most promising results. However, find-
ings of increased numbers of D-2 and D-4 receptors
have been clouded by either their failure to be replicated
or the possibility of treatment artifact (Tarazi et al. 1994;
Nordstrom et al. 1995).

Even if DA receptor numbers were not increased it
has been suggested that a receptor based supersensitivity
in schizophrenia could result from an uncoupling of D-1
and D-2 receptors (Seeman et al. 1987, 1994; Seeman
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and Van Tol 1994). In this model the relative proportion
of D-2 receptors that exist in a high affinity state (un-
coupled to the desensitizing effects of D-1 receptors) in
the presence of DA is increased in schizophrenia. Thus,
a normal number of DA receptors, but with a greater
proportion in the high affinity state, could produce an
enhanced response to DA stimulation. However, similar
studies in sensitized animals have not been conducted.
Interesting results from studies utilizing SPECT and
PET scans with the D-2 radioligands, TBZM or C11
raclopride, coupled with a psychostimulant probe to
measure, quantitatively, extracellular DA have been de-
scribed by Logan et al. (1991), Innis et al. (1992), Volkow
et al. (1994), Breier et al. (1997), and Laruelle et al.
(1996). The paradigm involves obtaining functional im-
aging scans (SPECT or PET) using a competitive D-2 an-
tagonist as a radioligand before (under unstimulated
resting conditions) and following an acute psychostim-
ulant administration (e.g., amphetamine, methylpheni-
date). The baseline scan provides a measure of D-2 re-
ceptor number in the presence of basal concentrations
of synaptic DA, while the poststimulant scan provides a
measure of extracellular DA that has been released
from presynaptic neurons and inhibited from reuptake
by inhibition of the DA transporter (simulating phasic
release). The difference (decrement) in D-2 binding be-
tween the baseline and postdrug stimulation SPECT or
PET scans would provide an index of the release of pre-
synaptic and the concentration of synaptic DA. In stud-
ies of human and subhuman primates this has been
found. Amphetamine or methylphenidate produced an
average decrease of 15% in D-2 binding with IBZM (In-
nis et al. 1992), and 25%-50% in C-11 raclopride in
healthy volunteers (Volkow et al. 1994). If sensitization
occurs in schizophrenia one possible consequence that
may be predicted is that these patients would have ele-
vated levels of presynaptic and/or extracellular DA.
Preliminary studies (Reith et al. 1994; Breier et al. 1997;
Laruelle et al. 1996) are consistent with this hypothesis.
They indicate that compared to control subjects patients
with schizophrenia have greater decrements in D-2
binding by IBZM (Laruelle et al. 1996) and C-11 raclo-
pride (Breier et al. 1997) as well as increased metabo-
lism of the precursor to DA as measured by F-flouro-
L-dopa (Reith et al. 1994). However, these studies were
of patients who had previously received antipsychotic
drug treatment but were presently drug free. Conse-
quently, the possibility that this was a treatment effect
cannot be entirely ruled out. Nevertheless, this para-
digm offers an exciting new strategy to examine a hy-
pothesized pathophysiological mechanism in psychosis.
Although D-2 receptors have not been found to be
downregulated as might be expected with increased
synaptic release of DA, this measure is confounded by
the upregulating effects of classical antipsychotic drugs.
Interestingly, a preliminary study (Farde et al. 1996)
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found decreased D-1 binding in treatment naive schizo-
phrenic patients which is consistent with increased pre-
synaptic release and a sensitization model.

COMPREHENSIVE PATHOPHYSIOLOGICAL
MODEL OF SCHIZOPHRENIA

The human brain may be endowed with a finite capac-
ity for plasticity and neuronal modulation that is inher-
ent in normally functioning neurons, and their net-
works, and available to compensate for perturbations
that disrupt neural homeostasis (Hasselmo 1995). When
this capacity is exceeded, untoward responses, includ-
ing pathologic forms of behavior including psychosis,
can be manifest. Examples of this may be seen in de-
scriptions of aberrant behavior in the face of over-
whelming stress previously described as “battle fatigue”
or “shell shock”, and currently as posttraumatic stress
disorder (Orner 1992; Gersons and Carlier 1992; Hier-
holzer et al. 1992), or in the previously described ability
to induce psychosis in healthy subjects through psycho-
stimulant loading (Angrist and Gershon 1970) or chronic
substance abuse (Iwanami et al. 1994). In these in-
stances previously healthy persons may develop psy-
chopathology in various forms, including psychosis,
because their compensatory capacities, psychological
and neurobiological, are exceeded. In this context,
schizophrenia may be the result of a sequence of events
(failures in neural development, migration, and connec-
tivity) that begins with a congenital or early develop-
mental deficiency in the neural substrate that underlies
the brain’s neuroplastic capacity to respond and com-
pensate for variations in the level and form of neuronal
activity. As a result of this deficiency, patients with
schizophrenia are more susceptible to the neurophysio-
logical perturbations of environmental experiences that
occur in the context of daily life as their compensatory
capacity is compromised and more easily exceeded.
These if persistent or recurrent can lead to a persistent
state of dysregulation and potentially enduring patho-
logic changes which are at first functional, and ulti-
mately structural.

This longitudinal process is comprised of three re-
lated but distinct stages with different temporal, patho-
physiological, and clinical characteristics, as described
below (see Table 1).

Stage One: Cortical Neuropathology and Deficient
Neuromodulatory Capacity

This first stage is caused by the genetic and/or epige-
netic etiologic factors (as previously described) that oc-
cur during fetal gestation and early perinatal develop-
ment, and involves the failure of normal neuronal
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development and synaptogenesis, and results in a defi-
ciency of the inhijbitory capacity of the cortex on subcor-
tical structures. The histopathologic, cytoarchitectural
(Kovelman and Sheibel 1984; Jacob and Beckmann 1986;
Akbarian et al. 1993a,b, 1995; Bogerts 1993; Benes 1995;
Anderson et al. 1996; Daviss and Lewis 1995; Lewis and
Anderson 1995; Arnold et al. 1995), and morphometric
(Bogerts et al. 1990, 1993; Andreasen et al. 1995; Sud-
dath et al. 1990; Gur et al. 1995) abnormalities described
in the cerebral cortex (predominantly in the prefrontal
and temporal regions) of schizophrenia patients could
reflect the cellular basis for this deficiency or the matrix
in which the developmental failure of normal func-
tional processes, (i.e., neuroplasticity, and intracortical
and cortical subcortical regulation) could lead to func-
tional pathology. This is also supported by evidence of
decreased metabolic rates in the prefrontal cortex in
schizophrenia (Weinberger et al. 1988) and chronic co-
caine users (Volkow et al. 1994). The prefrontal cortex is
believed to regulate subcortical structures (Pycock et al.
1980; Weinberger 1987; Davis et al. 1991; Grace 1991).
This neuropathology is clinically manifest as some of
the premorbid behavioral precursors to schizophrenia
that have been described (Watt 1978; Walker et al. 1991;
Fish 1977; Done et al. 1994).

Stage Two: Neurochemical Sensitization

This deficiency in neuronal modulatory capacity leads
to the second pathophysiological stage that occurs in
adolescence and early adulthood. In the course of matu-
ration during this period, stressful, but normative hu-
man experiences (e.g., family strife, going to college, en-
tering military service, substance abuse), stimulate
perturbations in neuronal activity that would otherwise
be compensated for, and equilibrium reestablished, but
now progressively result in neurochemical sensitization.
This process underlies the prodromal, onset, and deteri-
orative phases of the illness. A possible reason that the
modulatory deficiency does not produce sensitization
earlier (in childhood and early adolescence, though in
some patients this does occur) may be due to the redun-
dancy in neural synaptic connections that exists
through adolescence, which temporarily compensates
for the deficiency in modulatory capacity. The defi-
ciency only becomes apparent when, in late adoles-
cence, redundant synaptic connections are eliminated
through neural pruning and the circuits refined to the
point that the threshold of modulatory capacity is more
easily exceedable (Huttenlocher 1979; Feinberg 1982).
Another factor that contributes to the delay in the on-
set of psychosis in schizophrenia is the need for repeti-
tion and intermittency of neurochemical stimulation in
response to environmental events (that necessarily ac-
crue over time). Grace (1991, 1993) has suggested that
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Neural Circuits in Normal, Sensitized

and Neuropathologic Conditions
Normal Limbic Circuit Response to Acute Stress
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Figure 1. This figure schematically depicts the limbic circuit and its pattern of activity in response to stressors. The struc-
tures include the prefrontal cortex (PFC), ventral tegmental area (VTA), nucleus accumbens (NA), hippocampus (Hipp),
amygdala (Amyg), thalamus (Thal), and ventral pallidum (VP). Tonic refers to tonic or non-impulse dependent DA release
and phasic refers to impulse dependent DA release. The diagram illustrates how normal stress stimulates the intact meso-
limbic-striatal-cortical circuitry and increases activity within the circuit. The focus of this activity is in the nucleus accumbens
which requires intact hippocampal afferents for activation and is compensated for by corticostriatal input. The components
of this process include: 1) stimulation of output from the ventral tegmental area to the nucleus accumbens by environmental
and endogenous stimuli and its feedback inhibition from the nucleus accumbens; 2) output from the nucleus accumbens to
the ventral pallidum, and dorsal striatum through the thalamus to the cortex; 3) functional interaction of prefrontal cortex
and temporolimbic structures (hippocampus and amygdala); 4) temporolimbic stimulation of ventral striatum; and 5) feed-

back from the prefrontal cortex to the nucleus accumbens and tonic inhibition of phasic DA release.

phasic (as opposed to tonic) DA release may be a neuro-
physiologic correlate in schizophrenia to the intermit-
tency of pharmacologic stimulation, which is a critical
factor in DA agonist induced behavioral sensitization.
Phasic DA release is dependent on VTA DA neuronal
depolarization and impulse activity, and can result in
an irregular burst firing pattern of large amplitude and
transient increases in DA release (Grace and Bunney
1984). Moreover, DA agonists such as stimulants poten-
tiate impulse dependent DA release (Von Voightlander
and Moore 1971) while antipsychotic medications, which
appear to interrupt the sensitization process in schizo-
phrenia (Wyatt 1991; Loebel et al. 1992), may exert their
therapeutic effects by depolarization induced inactiva-
tion of DA cell firing (Bunney and Grace 1978), and is
consistent with an interruption of phasic DA release.
Furthermore, extracellular electrophysiologic record-
ings from the DA neurons in the VTA of monkeys have
demonstrated that when behaviorally relevant stimuli
are presented an increased firing rate occurs, suggest-
ing a pathophysiologic illustration of how stressful life
events may result in psychotic relapses in schizophre-
nia and stimulant induced sensitization (Fabre et al.
1983; Schultz and Romo 1990).

Stage Three: Neurotoxicity

The third stage underlies the residual phase of the ill-
ness and involves the development of structural neu-
ronal changes which are consequential to prolonged
sensitization (or effects engendered by it).

Pathophysiology of Sensitization (Stage Two)

Figures 1-3 illustrate the neuroanatomy of the neuronal
systems that are involved in sensitization in normal and
pathologic conditions. The nucleus accumbens is the fo-
cal point of the process (Morgenson et al. 1993). It is in-
nervated by mesolimbic DA fibers from the VTA and
also receives glutamatergic afferents from limbic re-
gions, including the hippocampus, amygdala, and the
prefrontal cortex, and provides output through the ven-
tral pallidum to effector sites (see Figure 1).

The activity of accumbal neurons is influenced by
phasic synaptic release of DA produced by activation of
mesolimbic DA neuron firing in response to behavior-
ally relevant (or pharmacologic) stimuli, particularly
those which are stressful. In addition, tonic DA release
from the mesolimbic axon terminal into the extracellu-
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Neural Circuits in Normal, Sensitized

and Neuropathologic Conditions
Sensitized Limbic Circuit Response to Acute Stress
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Figure 2. This figure illustrates how extreme or repeated stress or stimulant abuse, in the presence of an intact cortex and
limbic circuit, increases ventral tegmental area and nucleus accumbens output activity within the limbic circuit that leads to
sensitization giving rise to pathological behavior. In a sensitized limbic circuit ventral tegmental stimulation the nucleus
accumbens is unopposed by prefrontal cortical tonic inhibition of phasic DA release due to the uncoupling of these processes
(2), and diminished feedback inhibition by the nucleus accumbens of the ventral tegmental neurons (1). This results in
increased output from accumbens through the pallidum, and dorsal striatum through the thalamus to the cortex (3). Cortical
temporolimbic activity (4), and temporolimbic striatal activity (5) are increased.

lar space acts on presynaptic autoreceptors to inhibit
DA synthesis and release, thus modulating phasic DA
release. Glutamatergic corticostriatal afferents to the
mesolimbic axon terminals also activate tonic DA re-
lease. This process can dynamically modulate the am-
plitude of phasic DA response in subcortical regions,
including the striatum and nucleus accumbens, by in-
creasing tonic DA release (Grace 1991).

Stressors of mild intensity or duration selectively ac-
tivate VTA neurons and produce DA release by meso-
cortical neurons in the prefrontal cortex, while more in-
tense stressors also increase DA metabolism and release
in the nucleus accumbens (Roth et al. 1988). As stress is
increased in either intensity or duration, increasing re-
gions of the mesencephalic-cortico-limbic-striato-pal-
lidal pathway will begin to demonstrate an increase in
DA activity. These subcortical nuclei can be influenced
by stress-induced increases in the firing rates of the me-
soprefrontal cortical DA neurons, thus demonstrating
the role of prefrontal cortical efferents in affecting DA
release (Deutch and Roth 1990; Deutch 1992). This effect
can be blocked by administering NMDA antagonists or
by lesioning of the amygdala or hippocampus (Yoshikawa
et al. 1991; Pert et al. 1992) suggesting that corticostri-
atal afferents activate stress-induced tonic DA release
(Grace 1991).

Repeated exposure to robust stimuli such as environ-
mental stressors or drug challenges can produce long-

term changes in the limbic system (see Figure 2). With
the repeated stimulations (environmental or pharmaco-
logic) the effectiveness of the feedback system, that nor-
mally regulates mesolimbic firing, decreases and behav-
ioral sensitization eventually develops. In this process
the inhibition of the accumbens on VTA cell firing is at-
tenuated. This permits an increase in DA cell firing that
produces an increase in phasic DA release as well as an
increase in tonic DA release. This leads to a pathological
induction of a compensatory mechanism in which tonic
DA stimulation of autoreceptors becomes uncoupled
from phasic DA release. In addition, there is decreased
activation of DA release modulating and consequent
potentiation of impulse dependant phasic DA release
(Grace 1991, 1995). Consequently, impulse dependant
phasic DA release is not effectively attenuated. This
pathological state then constitutes a new equilibrium
between phasic and tonic DA mechanisms and persists
even in the absence of further repetitive stimulation.
During quiescent periods postsynaptic DA receptors
normalize from their previously downregulated (by
phasic DA release) condition. Thus, when VTA neurons
are again stimulated (by normative, stressful or phar-
macologic stimuli) the phasic DA release is enhanced
and excessive in the absence of normal inhibitory ef-
fects. In a similar fashion, limbic input to these neurons
in the absence of effective corticostriatal regulation pro-
duces a greater influence on their firing.
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Neural Circuits in Normal, Sensitized

and Neuropathologic Conditions
Cortical Pathology within Limbic Circuit Response to Acute Stress
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Figure 3. Normal or extreme stress, in the presence of neuropathology in prefrontal and limbic cortices, increases activity
within the limbic circuit that exceeds compensatory capacity and leads to increased ventral tegmental and accumbal activity
than sensitization, which ultimately gives rise to psychosis. Shading of the prefrontal cortex and hippocampus amygdala
indicates neuropathology. The components of this process are: stimulation of the ventral tegmental area that produces output to
the nucleus accumbens (1), which is minimally opposed by cortical striatal inhibition (2) due to cortical deficits. This results in
decreased tonic inhibition of phasic DA release in the accumbens (2), increasing accumbens output to the pallidum and dorsal
striation (3) through the thalamus to the cortex. This produces increased cortical temporolimbic activity (4) and temporolimbic
striatal activity (5) resulting in the expression of pathologic behavior that eventually evolves to psychosis.

This results in a condition of behavioral sensitization
which is associated with an increase in DA activity in
the nucleus accumbens, and interestingly, a decrease in
extracellular DA in the prefrontal cortex. This empha-
sizes the reciprocal relationship between the regulation
of DA release in these 2 regions (Kalivas et al. 1993;
Sorg and Kalivas 1993) as has been previously de-
scribed (Pycock et al. 1980). In addition, since the devel-
opment of behavioral sensitization to repeated psycho-
stimulants can be prevented by concurrent NMDA
antagonist treatment (Karler et al. 1991), or by lesioning
of the amygdala or hippocampus (Yoshikawa et al.
1991; Pert et al. 1992) glutamatergic input to the me-
solimbic DA system and intact mesolimbic cortico-
striatal system appears to be required for this phenome-
non to occur (Karler et al. 1991) (Figure 2).

A preexisting compromise in corticostriatal and tem-
porolimbic pathways (such as might occur in schizo-
phrenia as a result of the cytoarchitectural pathology)
could produce a deficiency of tonic DA release in the
nucleus accumbens (see Figure 3). Such a condition of
deficient corticostriatal glutamatergic innervation has
been postulated by several investigators as occurring in
schizophrenia by various mechanisms including de-
creased glutamatergic efferent projections, increased
GABA mediated inhibition, target receptor hypofunc-
tion (NMDA), or receptor inhibition (e.g., by N-acetyl-

aspartylglutamate [NAAG]) (Javitt and Zukin 1991;
Carlsson and Carlsson 1990; Grace 1991; Benes 1995b;
Olney and Farber 1995; Coyle 1995; Tsai et al. 1995).
This would facilitate the potentiation of phasic me-
solimbic DA neuron activity, as well as pcstsynaptic re-
sponsivity and the eventual development of sensitiza-
tion possibly even in the absence of repeated (severe)
stressors and DA agonist stimulation (Grace 1991). In
this way prefrontal and temporal cortical damage could
facilitate the development of behavioral sensitization as
it would appear to augment the mesolimbic response to
stress as well as possibly to stimulant drugs.

Evidence consistent with this has been reported by
Weinberger and colleagues (1995). Chemical deafferen-
tiation of the prefrontal cortex by excitotoxin injection
produced no significant alteration in basal DA levels or
turnover in the basal ganglia or in DA-related behav-
iors, yet it did result in markedly elevated DA mesolim-
bic activity when the animals were exposed to stressful
stimuli (Jaskiw et al. 1990). Similar results have been
found after surgical ablation of the prefrontal cortex.
Therefore, animals with a functionally compromised
prefrontal cortex have been found to experience rela-
tively trivial environmental stresses as if they were life-
threatening (Lipska and Weinberger 1993b).

The amygdala and hippocampus also regulate sub-
cortical DA activity (Rada and Hernandez 1990; Lipska
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et al. 1992). Rats with neonatal ventral hippocampal
deafferentiation, when tested after puberty, are hyperre-
sponsive to environmental stress as are adults with pre-
frontal cortex lesions. This finding suggests that the loss
of hippocampal-prefrontal cortical connections may
critically disrupt the normal development and connec-
tivity of the limbic stress circuit (Lipska et al. 1992), Fur-
ther support of the role of the hippocampus in regulat-
ing subcortical activity is provided by the results of a
study of synaptic interactions among excitatory affer-
ents to the nucleus accumbens in rats via in vivo intra-
cellular recordings (O’Donnell and Grace 1995). Hippo-
campal input was necessary for accumbens neurons to
enter a depolarized, active state, whereas activation of
prefrontal cortical inputs failed to evoke spike firing in
accumbens neurons unless they were in the active state.

In summary, the mesiotemperal and prefrontal corti-
cal neuropathology (gross morphologic and cytoarchi-
tectural) that occur in schizophrenia could produce a
pathological decrease in prefrontal cortical activity that
results in a prolonged decrease in tonic extracellular
DA levels within the nucleus accumbens. This would
ultimately lead to schizophrenia patients experiencing
abnormally large phasic DA responses to behaviorally
relevant stimuli (Grace 1991). This process would ex-
plain a number of clinical phenomena including the
pathogenesis of the illness onset, the association be-
tween psychotic episode duration and number and
treatment response, and the enhanced sensitivity to
stress and psychostimulants that patients with schizo-
phrenia have (Figure 3).

The phasic DA release which is suggested for the ex-
pression of the neurochemical sensitization in schizo-
phrenia, if analogous to animal models of behavioral
sensitization, would result in excitatory amino acid re-
ceptor (EAA) activation. As previously reviewed, sys-
temic administration of NMDA antagonists can block
the induction of sensitization from psychostimulants, as
does lesioning of the afferent glutamatergic fibers from
the hippocampus to the nucleus accumbens, or injection
of NMDA antagonists into the amygdala or VTA. Thus,
we hypothesize further that through this functional in-
teraction of the DA and glutamatergic systems, follow-
ing a sustained period of sensitization and enhanced
DA neuronal activity, a third stage involving elevated
levels of cortico-striatal EAA activity may develop, re-
sulting in a self limiting neurotoxicity. Consistent with
the neuroexcitatory action of the EAAs which are in-
volved in normative CNS functions is a paradoxical
phenomenon of excitotoxicity (Olney 1989; Olney and
Farber 1995) whereby a neuropathologic process may
develop if EAA receptor stimulation becomes excessive.
EAA induced brain damage has been suggested as the
mechanism underlying the neurodegeneration result-
ing from sustained temporal lobe seizures, hypoxia/is-
chemia (Choi and Rothman 1990) and Huntington's
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disease (Olney et al. 1990; Choi 1988). In addition to
EAA excitotoxicity, sensitization of DA neurons could
also involve mechanisms of oxidative stress (Coyle and
Puttfarcken 1993).

Therefore, a diminished compensatory response from
the prefrontal cortex may result in the vulnerability to
dysregulation of DA cell bodies in the VTA leading to
excessive firing and further EAA activation and neu-
ronal injury until blocked by antipsychotic drugs. How-
ever, there is neither consistent evidence for neurotoxic-
ity in schizophrenia (primarily in the form of gliosis or
decreased neuronal number) nor animal models of be-
havioral sensitization of neurotoxicity (with the excep-
tion of after high dose methamphetamine administra-
tion (Seiden and Vosmer 1984). Recently, however, it
has been suggested that EAA mediated neurotoxicity
can occur by a more gradual nonflorid process involv-
ing an apoptotic mechanism of programmed cell death
or loss of cell processes rather than the more commonly
described fulminant process that would be expected to
produce gliosis (Coyle 1995; Olney and Farber 1995).
This process would explain the development of persis-
tent symptomatology including negative symptoms and
the deficit state that are resistant to antipsychotic drugs.

OTHER NEUROPSYCHIATRIC SYNDROMES

Given that mechanisms of neuronal plasticity such as
sensitization are generic properties of neurons, we could
reasonably expect that there should be evidence of sim-
ilar processes occurring in other neuropsychiatric disor-
ders, albeit requiring a higher threshold for their pre-
cipitation than exists in schizophrenia. Studies of major
affective disorders, which have been hypothesized to be
on a pathologic continuum with schizophrenia (Crow
1990b), suggest a pattern consistent with sensitization.
This subject has been extensively reviewed (Post et al.
1986). They conclude that bipolar and unipolar affective
illness tend to be recurrent; the frequency of recurrence
and increases in episodes of rapid cycling are associated
with both increased age and number of prior episodes;
symptoms are continuously manifest across episodes,
with new symptoms developing in addition to the ones
which had occurred in prior episodes; later occurring
episodes may have more precipitous onsets than earlier
episodes; and psychosocial stress often results in the
onset of an episode (Post 1992b). As a consequence ther-
apeutic considerations will differ over the course of the
illness with continued maintenance treatment being re-
quired in the later stages (Greden and Tandon 1995).
Temporal lobe epilepsy (TLE), frequently associated
with comorbid psychiatric disorders (psychotic and af-
fective) (Umbricht et al. 1995), has been attributed to a
kindling like pathophysiologic process (Stevens 1988).
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A number of studies have implicated the hippocampus
and limbic structures in TLE (Sutula 1990), areas that
we hypothesize to be necessary for the induction of be-
havioral sensitization. These brain regions are particu-
larly vulnerable to activation with high frequency trains
of stimulation. The electrical stimulation, while at first
subthreshold for seizures, will increase after discharges
and eventually result in major motor convulsions
(Sutula 1990). Though the cellular mechanisms under-
lying TLE are not fully understood, the EAAs are be-
lieved to play central roles in its pathogenesis (Mody
1993; Kiessling and Gass 1993). It is striking that the
temporal lobe, and specifically mesiotemporal struc-
tures, have become a major neuropathologic focus in
schizophrenia. The presence of structural and func-
tional (event related potential measures of cognition)
abnormalities in the temporal lobe have consistently
been reported in schizophrenia patients (Bogerts et al.
1990, 1993; Bogerts 1993; Barta et al. 1990; McCarley et
al. 1991, 1993; Crow 1990a; Shenton et al. 1992; Javitt et
al. 1994).

Posttraumatic stress disorder (PTSD) consists of a
pattern of symptoms lasting at least one month that oc-
curs following exposure to a severe trauma that in-
volved intense fear, hopelessness, or horror, and results
in clinically significant distress or impairment. PTSD
may result from a one time stressor though it is more
likely to occur if the stressor is prolonged and repetitive
(Tomb 1994). PTSD may follow a fluctuating course
with symptoms that have been in remission for an ex-
tended period of time recurring in the presence of a mi-
nor stress, a symbolic occurrence of the original stress,
or for no recognizable reason (Kinzic 1993). Based on
the enduring nature of the phenomenon, the decrease
in stress tolerance, and the exaggerated startle re-
sponse, it has been hypothesized that some of the phe-
nomenology of PTSD are consistent with a sensitization
model (Charney et al. 1993; Southwick et al. 1994). This
is supported by studies demonstrating increased rates
of PTSD following combat exposure among veterans
who were traumatized in childhood (Bremmer 1993), or
who had suffered acute stress reactions in previous
wars (Solomon et al. 1987; Solomon 1989). Furthermore,
in addition to the generalized state of hyperarousal
among PTSD patients, combat veterans exposed to vi-
sual and auditory combat related stimuli had greater el-
evations in heart rate compared to veterans without
PTSD (Orr 1990). The specific neural mechanisms un-
derlying the full spectrum of symptoms in PTSD are
unknown, however, the exaggerated startle and hyper-
vigilance are hypothesized to be due to hyperactivity in
the regulation of synaptic DA (Charney et al. 1993).
This has led to a concern that amphetamine or cocaine
use among PTSD patients may result in an increased
risk for the development of paranoia or psychosis, a
similar concern that has been raised regarding the use
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of psychostimulants among schizophrenia patients (Selzer
and Lieberman 1993).

The drug addiction associated with substance abuse
has also been proposed to involve disturbances in neu-
ronal plasticity including sensitization (Robinson and
Berridge 1993; Nestler et al. 1993). Although some as-
pects of drug addiction can occur rapidly with acute ad-
ministration, most changes in brain function that un-
derlie addiction occur gradually over time. These are
believed to involve progressive developing and persis-
tent adaptations of biochemical function in two anatomic
regions, the mesolimbic DA system (Koob 1992) and
noradrenergic neurons in the locus ceruleus (McDougle
et al. 1994). Chronic opiate and/or stimulant adminis-
trations produce a chain of biochemical alterations in-
volving neurotransmitter synthesis and turnover (in-
creased tyrosine hydroxylase activity), DA receptors
(increased D-1 sensitivity), cAMP dependent protein ki-
nase, early immediate gene response (cFOS, cJUN) and
cAMP response element binding protein (CREB).

The treatment of drug addiction has been largely un-
successful. Robinson and Berridge (1993) attribute part
of this failure to a psychological process they term ‘in-
centive salience’, whereby the drugs themselves or the
events surrounding drug use can result in a sensitiza-
tion of DA neural systems. Therefore, an ordinary de-
sire for drugs can be turned into excessive drug craving
via the sensitization of the mechanisms underlying ‘in-
centive salience’, These authors further postulate that
the neural systems responsible for the sensitization of
the ‘incentive salience’ are independent of the neural
mechanisms underlying the pleasurable, or the with-
drawal effects of the drugs.

PREDICTIONS AND TESTS OF
THE HYPOTHESIS

A number of specific predictions can be derived from
the proposed hypothesis: 1) Longer duration of psycho-
ses would be associated with poorer treatment response,
higher levels of residual symptoms and morbidity; 2)
Patients will exhibit greater sensitivity to stress and psy-
chostimulants in the earlier phases of the illness; 3) More
severe forms of psychopathology (e.g., deficit state, dis-
organized and catatonic symptoms) would be associated
with longer durations of psychoses and occur in the lat-
ter stages of the illness; 4) Antipsychotic treatment re-
sistance would develop over the course of the illness
and be most prevalent in the latter stages; 5) Increased
levels of presynaptic and extracellular DA could be
demonstrated in patients with schizophrenia particularly
in the early phases; 6) Brain neuropathology of structures
containing DA and glutamate terminal field regions
would be progressive and associated with longer dura-
tion of psychoses; and 7) Treatment interventions that
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limit duration and number of psychotic episodes will
prevent the development of treatment resistance, severe
forms of psychopathology, progression of brain neuro-
pathology, and reduce the likelihood of tardive dyskine-
sia. Thus, this hypothesis can be tested through clinical
investigation and confirmed or disproven.

Although some of these predictions contributed to
the hypothesis’ derivation, their replication in future
studies and new samples would be additional tests of
validity.

CONCLUSION

We have hypothesized that the pathophysiological pro-
cesses in schizophrenia unfold in 3 stages over the life of
the patient and corresponds to specific phases of the ill-
ness. The initial developmental insult to the CNS (stage
1) does not result in psychosis until a combination of de-
velopmental and dysregulatory events occur causing
sensitization (stage 2) which then can lead to the formal
onset of illness which if persistent or recurrent can
progress to a self limiting degenerative phase (stage 3)
manifested by persistent morbidity, treatment resistance,
and clinical deterioration. While our hypothesis does not
address the question of etiology, it is compatible with the
major etiologic theories. This model attempts to account
for the clinical phenomena of the illness and its longitu-
dinal course. Although clearly speculative, it is, we be-
lieve, reasonably supported by existing evidence, par-
ticularly for the second stage involving neurochemical
sensitization. Furthermore, the deterioration evident in
the course and outcome of some schizophrenia patients
may be the result of a progressively diminishing capa-
bility of CNS homeostatic mechanisms. An understand-
ing of the mechanisms which mediate the brain’s en-
dogenous ability to maintain homeostasis and prevent
abnormal functions that can give rise to symptom ex-
pression, may offer alternative approaches to the eludi-
cation and future treatment of this disorder.
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