
Chapter 12
Is a Neuroprotective Therapy Suitable
for Schizophrenia Patients?

Michael S. Ritsner

Abstract Schizophrenia is a chronic and disabling mental disorder characterized
by positive, negative and mood symptoms, disturbed coping abilities with elevated
distress and a significant decline in cognition, quality of life and psychosocial
functioning. About one-third of all patients with schizophrenia do not respond ade-
quately to drug treatment. Today neuroscience and clinical research have sufficiently
advanced to introduce a novel generation of compounds with neuroprotective prop-
erties. The use of neuroprotective agents in schizophrenia is not yet significantly
established. An in-depth review of new compounds such as neurosteroids, estrogen,
omega-3 fatty acids, S-adenosylmethionine, cannabinoids, piracetam, modafinil,
L-theanine, bexarotene with neuroprotective properties is discussed. The mecha-
nisms underlying the neuroprotective effects of these compounds vary and differ
from classically defined dopamine and serotonin receptors. This review highlights
selective evidence supporting a neuroprotective approach in the search for novel
compounds, and suggests future directions for this exciting area. Neuroprotection
strategy may be a useful paradigm for treatment of prodromal and first-episode
schizophrenia patients and might have a significant impact on the subsequent course
and outcome of the illness. The clinical effects of neuroprotective agents clearly
merit further investigation in schizophrenia spectrum disorders.
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DHA docosahexaenoic acid
DHEA dehydroepiandrosterone
DHEAS dehydroepiandrosterone sulfate
DHEA(S) DHEA and DHEAS together
DSM-IV Diagnostic and Statistical Manual of Mental Disorders, Fourth

Edition
EPA eicosapentaenoic acid
EPS Extrapyramidal symptoms
ESRS Extrapyramidal Symptom Rating Scale
GABAA gamma-aminobutyric acid
HPA hypothalamic-pituitary-adrenal axis
HRQL the health-related quality of life
ICD-10 International Classification of Mental and Behavioural Disorders
NMDA N-methyl-D-aspartate
PREG pregnenolone
PREGS pregnenolone sulphate
PREG(S) PREG and PREGS together
PANSS Positive and Negative Syndrome Scale
RARs retinoic acid receptors
RXRs retinoid X receptors
SANS Scale for the Assessment of Negative Symptoms

12.1 Introduction

Schizophrenia is a clinical syndrome that affects about 1% of the general adult pop-
ulation. Whether schizophrenia represents a single disorder of markedly variable
expressions or a family of clinically related brain disorders is unclear. Treatment of
schizophrenia patients typically includes a combination of pharmacotherapy with
antipsychotic agents and psychosocial interventions. Antipsychotic agents amelio-
rate symptoms in the early phases of disease but become less effective over time, as
the underlying disease progresses [1, 2]. The clinical benefits of second-generation
antipsychotic agents are modest; their greatest advantage is fewer extrapyramidal
side effects. Furthermore, the earlier hope that these agents would have a primary
effect on negative and cognitive symptoms is harder to sustain [3, 4]. Despite the
effectiveness of antipsychotic medications in the treatment of schizophrenia, in a
large scale multi-center study [5] about 74% of the patients discontinued study med-
ication within the first 18 months: 64% of those assigned to olanzapine, 75% of
those assigned to perphenazine, 82% of those assigned to quetiapine, 74% of those
assigned to risperidone, and 79% of those assigned to ziprasidone. The majority
of patients in each group discontinued their assigned treatment owing to inefficacy
or intolerable side effects or for other reasons. Furthemore, about one-third of all
patients with schizophrenia do not respond adequately to drug treatment. Thus,
although antipsychotic agents heralded a major breakthrough in the treatment of
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positive symptoms in schizophrenia, negative symptoms and cognitive dysfunc-
tion continue to account for poor quality of life, reduced functioning and inferior
employment status of the patients.

The most critical question facing clinical psychiatrists today is how to treat
schizophrenia patients. Is the concept of brain protective therapy relevant for
schizophrenia? What are the challenges and opportunities?

This chapter begins with a brief overview of the basic models of schizophrenia
and a neuroprotective approach to establish a context for subsequent detailed dis-
cussions on several potential neuroprotective compounds, addressing a wide range
of mechanisms.

12.2 Models of Schizophrenia

12.2.1 Psychopathological Models

Schizophrenia is characterized by psychopathological symptoms, a significant
decline in cognition and quality of life, a decrease of psychosocial functioning,
elevated emotional distress and disturbed coping abilities that exact considerable
human and economic costs. The clinical picture includes a range of positive and
negative symptoms such as delusions, hallucinations, agitation, hostility, emotional
and social withdrawal, lack of spontaneity, poverty of speech and a wide range of
mood symptoms and neurocognitive effects (Fig. 12.1) [6].

Positive symptoms usually emerge in adolescence or early adulthood, but are
often preceded by varying degrees of negative symptoms, cognitive and quality of
life impairments. Deterioration occurs primarily in the early stages of the illness and
is generally confined to the first 5–7 years after onset. Schizophrenia’s course over
time considerably differs from person to person with varying degrees of functional
impairments, reduced quality of life, social disability, frequent comorbid substance
abuse, and decreased longevity. Overall, schizophrenia tends to be a chronic and
relapsing disorder, with only partial remissions (Fig. 12.2) [6].

Categorical Models. Most major psychiatric classification systems are based on a
categorical system of assessment and assume that individuals fall into distinct cate-
gories of pathology, each with unique configurations of symptom and behavioral
expressions. For exapmle, two diagnostic systems – e DSM-IV [7] and ICD-10
[8] are based on a categorical model of the schizophrenia syndrome and its core
symptoms, in which differences between psychotic symptoms and their normal
counterparts are considered to be qualitative, an approach not dissimilar to that pro-
posed by Kraepelin over a century ago. However, this categorical approach does not
take into account several central concerns [9]:

1. Many mental disorders are in fact on a dimensional spectrum such as an affective
spectrum, an obsessional spectrum and in our case a psychotic spectrum.
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Fig. 12.1 Phenotypic domains in schizophrenia and related disorders [6]. The term positive symp-
toms refers to symptoms that most individuals do not normally experience. They include delusions,
auditory hallucinations, and thought disorder, and are typically regarded as manifestations of psy-
chosis. Negative symptoms are so-named because they are considered to be the loss or absence of
normal traits or abilities, and include features such as flat or blunted affect and emotion, poverty of
speech (alogia), inability to experience pleasure (anhedonia), lack of desire to form relationships
(asociality), and lack of motivation (avolition). For a significant portion of the time since the onset
of the disturbance, one or more major areas of functioning such as work, interpersonal relations,
or self-care, are markedly below the level achieved prior to the onset. A third symptom grouping,
the disorganization syndrome, is commonly described, and includes chaotic speech, thought, and
behavior

2. Each of these disorders actually includes several discrete dimensions such as a
cognitive dimension, an impulsivity dimension, dimensions of positive, negative,
and mood symptoms and so on.

3. As such, by utilizing a dimensional approach we would be treating the particular
pathological dimensional symptoms and not an entire categorical disease entity.

4. Moreover, the validity of the categorical approach is further questioned by the
vast heterogeneity of the diagnosis – the “x symptoms out of y” approach
employed by the DSM-IV or ICD-10 leads to numerous different clinical
combinations with little in common apart from the diagnosis.

The problem of non-homogeneous categories, the difficulty in drawing bound-
aries and individual progression of the severity of psychopathologic phenomena
necessitate a change of paradigm from categorical to dimensional diagnostics [10].
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Fig. 12.2 The three-hit vulnerability model and course of schizophrenia and related disorders
(Reproduced from [6]). Schizotaxia – term for the predisposition to schizophrenia

Continuous or Dimensional Models. An alternative, dimensional approach
assumes that schizophrenia is not a distinct illness entity, but that psychotic symp-
toms are diversions from normal experiences and behaviors [11, 12]. Clinical
psychiatrists have developed numerous psychopathological models based on items
from rating scales: the Positive and Negative Syndrome Scale [13–16] (PANSS),
the Scale for the Assessment of Positive Symptoms [17] and the Scale for the
Assessment of Negative Symptoms [17] (SANS), the Calgary Scale for Depression
in schizophrenia [18], the Overt Aggression Scale [19], and others. These dimen-
sional measures are usually used as outcome variables in clinical trials with
psychopharmacological and neuroprotective compounds.

Inclusion of dimensional elements in psychiatric diagnostic systems have been
advocated for many years, however the concept was resisted due to concerns of clin-
ical utility. Kraemer et al. [20] argue that categorical and dimensional approaches
are fundamentally equivalent, but that one or the other approach is more appropriate
depending on the clinical circumstances and research questions being addressed.
Using an example from the Infant Health and Development Program, the authors
illustrate the importance of using dimensional approaches for hypothesis testing,
identify the problems with power and with interpretation that arise from employing
a categorical approach, and underscore the importance of identifying the appro-
priate cutpoints when a categorical approach is necessary. A comparison between
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categorical and dimensional approaches to the diagnosis of psychosis revealed that
the categorical approach is beneficial primarily in terms of reliability, whereas the
dimensional approach would enhance validity [21].

Thus, to date, diagnosis of schizophrenia remains problematic for the following
reasons:

1. diagnosis is based on a “categorical model” with inclusion and exclusion criteria
for symptoms according to the DSM-IV and ICD-10 classification methods;

2. psychopathological symptoms and pathological forms of behavior are evaluated
through observation and clinical interview with or without psychiatric rating
scales;

3. similar symptoms may be found among schizophrenia patients and individuals
with other mental disorders;

4. no laboratory diagnostic tests or biomarkers are currently available to determine
a diagnosis of schizophrenia.

12.2.2 Neurocognitive Domains and Tools

Neuropsychological studies of patients with schizophrenia have demonstrated that
neurocognitive impairment is a prominent feature of the illness that is present at ill-
ness onset and generally remains stable over time [22]. Neurocognitive impairment
may be prognostically important, and the enhancement of cognitive functioning has
become an important target for both psychosocial and pharmacological interven-
tions. As a result, the assessment of neurocognitive deficits in schizophrenia presents
a major challenge to the clinician and researcher, and efforts are being made to
develop a reliable and valid cognitive battery especially for use in clinical trials.

Computerized testing has multiple advantages, including increased time-
efficiency, a wider range of stimulus options and response forms, and increased
psychometric reliability. Computerized cognitive testing has the potential to effec-
tively address the limitations posed by traditional paper-based neuropsychological
measures. Technical innovations for accurate measurement of reaction time and fre-
quency of errors enhance overall sensitivity, and on-line adjustment of level of dif-
ficulty may minimize ceiling or floor effects. A computerized testing session is usu-
ally of shorter duration and is less expensive than traditional paper-based neurocog-
nitive testing. With rapid advances in technology and an emphasis on efficiency of
neurocognitive testing, it has become necessary to further investigate the value of
computerized cognitive examinations. Although there is no gold standard for assess-
ing cognitive function in schizophrenia patients, a number of computerized cogni-
tive batteries have been developed, such as the Computerized Neuropsychological
Test Battery [23], the Computer Administered Neuropsychological Screen for
Mild Cognitive Impairment [24], the ECO computerized cognitive battery [25],
MicroCog Cognitive Battery [26], the Measurement and Treatment Research
to Improve Cognition in Schizophrenia (MATRICS) [27], the Mindstreams
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Battery [28], and the Cambridge Neuropsychological Test Automated Battery [29]
(CANTAB). The CANTAB tests run on an IBM-compatible personal computer with
a touch-sensitive screen. The nonverbal nature of the CANTAB tests makes them
largely language-independent and culture-free. Overall, neuropsychological tests
are grouped into five cognitive domains: visual and movement skills, attention and
memory, learning, sustained attention, and executive function. The CANTAB bat-
tery has been shown to be effective in detecting cognitive deficits in schizophrenia
[28, 30, 31].

12.2.3 Health-Related Quality of Life Deficit Model

Despite increasing relevance of health-related quality of life (HRQL) measures in
mental health, the theoretical conceptualization of the construct remains poorly
developed (reviewed in [32]). Since many valued aspects of life, such as income,
freedom and quality of the environment are not usually considered “health related”,
the term HRQL came to refer to the physical, psychological, and social domains
of health. HRQL is multidimensional in the sense that the subjects may simultane-
ously evaluate several dimensions to arrive at an overall assessment. Two persons
with the same mental health status may have different HRQL levels since com-
ponents such as personality differences and illness related factors influence one’s
perception of health and satisfaction with life. Perceptions of HRQL are based on a
cognitive process that involves identifying the domains relevant to one’s life quality,
and integrating the various domain evaluations into an overall HRQL assessment.
Each health-related domain has many components that need to be measured.

HRQL is a heterogeneous concept, as reflected in the different perceptions of
this construct by psychiatrists and their patients. Such differences are reflected
in observer rated versus self-report HRQL evaluation instruments. HRQL differs
somewhat from subjective well-being, in that the latter concerns itself primarily
with affective states, both positive and negative. According to the HRQL impair-
ment concept, the HRQL deficit syndrome refers to the vulnerability to illness, and,
consequently, should be viewed as a definitive expression or a particular syndrome
of severe mental disorders, such as psychopathology or cognitive impairment [33].

The Distress/Protection Vulnerability Model [33], suggests that:

1. HRQL impairment is a particular syndrome observed in most psychiatric and
somatic disorders.

2. This syndrome is an outcome of the interaction of an array of distressing fac-
tors, on the one hand, and putative stress process protective factors, on the other.
HRQL impairment increases if distressing factors overweigh protective factors,
and vice versa.

3. There are primary and secondary factors that influence HRQL impairment.
Primary or vulnerability related factors are those usually considered inborn
or personal characteristics, while secondary factors are related to illness and
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environment. Primary factors such as harm avoidance, high levels of neuroti-
cism, poor coping skills, elevated emotional distress, emotion-oriented coping,
and weak self-constructs might lower the vulnerability threshold, and, conse-
quently, result in severe HRQL impairment. Secondary factors influence HRQL
impairment via primary factors.

4. HRQL impairment syndrome is characterized based on underlying neurobiology
that may lead to improved understanding of severe mental disorders and more
effective treatment decisions.

Factors influencing the HRQL impairment syndrome in schizophrenia according
to this model are summarized in Fig. 12.3 [6]. Since the year 2000, this model has
been extensively used to compare HRQL impairment among patients with severe
mental disorders [34, 35], to examine the role of side effects [36], to test the medi-
ating effects of coping styles [37], to search for longitudinal predictors of general
and domain-specific quality of life [38–40], to explore the association of HRQL
impairment with suicide behavior [41], temperament factors [42], and sleep qual-
ity [43], and to examine the impact of antipsychotic and neuroprotective agents
[44–46].

Fig. 12.3 The Distress/Protection Vulnerability model of HRQL impairment and the three-hit
vulnerability model of schizophrenia and related disorders [Reproduced from [6]]. HRQL – health-
related quality of life
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Thus, in addition to symptom dimensions, neurocognitive and HRQL outcome
measures have reshaped our understanding of schizophrenia and should be essential
tools for designing neuroprotective interventions.

The neurodevelopmental and neurodegenerative models are two alternative, but
not mutually exclusive, pathophysiological hypotheses relating to schizophrenia.

12.2.4 Neurodevelopmental Model

Understanding the etiology and pathogenesis of schizophrenia is a major chal-
lenge facing psychiatry. In the last two decades schizophrenia has been increas-
ingly viewed as a neurodevelopmental disorder [47–49] due to several advances,
principally related to developments in neuroimaging, electrophysiological and
neuropathological approaches (reviewed in [50]).

While multiple theories have been put forth regarding the origin of schizophre-
nia, by far the vast majority of evidence points to the neurodevelopmental model
in which developmental insults as early as late first or early second trimester of
preganancy cause the activation of pathologic neural circuits during adolescence
or young adulthood leading to the emergence of positive or negative symptoms
[47–49]. There is evidence from brain pathology (enlargement of the cerebroventric-
ular system, changes in gray and white matters, and abnormal laminar organization),
genetics (changes in the normal expression of proteins that are involved in early
migration of neurons and glia, cell proliferation, axonal outgrowth, synaptogenesis,
and apoptosis), environmental factors (increased frequency of obstetric complica-
tions and increased rates of schizophrenic births due to prenatal viral or bacterial
infections), minor physical anomalies, and gene-environmental interactions, which
support of the neurodevelopmental model [50–53]. Furthermore, premorbid charac-
teristics of schizophrenia patients combined with structural brain changes observed
in first-episode neuroleptic-naïve patients are consistent with a neurodevelop-
mental pathophysiology for schizophrenia [54, 55]. In addition, findings from
both cross-sectional studies of first-episode patients and longitudinal studies in
childhood-onset and adolescent onset schizophrenia support the concept of early-
onset schizophrenia as a progressive neurodevelopmental disorder with both early
and late developmental abnormalities [56].

12.2.5 Neurodegenerative Model

Investigation of the long-term course of schizophrenia with progression to differ-
ent residual syndromes has suggested that schizophrenia may be a neuroregressive
illness. In particular, various lines of evidence indicate the presence of progressive
pathophysiological processes that occur in the brains of patients with schizophrenia
(see review [57]):
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(1) Progressive MRI changes in longitudinal studies were revealed in childhood-
onset schizophrenia [58], before and after transition to psychosis [59], and in
the course of early psychosis [60, 61].

(2) Progressive MRI changes were seen in subgroups of patients with chronic
schizophrenia [60–63].

(3) Some, though not all studies revealed more pronounced progressive brain
changes in patients that are associated with poor outcome, more negative
symptoms, and a decline in neuropsychological performance [64–66];

(4) Neuroimaging studies documented progressive increases in ventricular size,
accelerated loss of brain tissue, progressive delays in treatment response,
and neurochemical (magnetic resonance spectroscopy) and neurophysiological
(P300) indices, all of which are consistent with ongoing cerebral degeneration
in a significant subgroup of schizophrenia patients [67].

(5) In addition, the most-affected brain regions were consistently found to be the
frontal and temporal cortices, the hippocampus, the amygdala, and the thala-
mus. Compared to healthy controls, the amygdala appears to be decreased in
size among schizophrenia patients [68, 69].

(6) Cerebellar abnormalities have also been noted in schizophrenia [70].

Although brain alterations in schizophrenia patients have contributed to the
neurodevelopmental model of pathogenesis, a progressive neurodegenerative pro-
cess has also been suggested. Genetic and prenatal adversity may underlie the
pathophysiological process that led to a shift from a neurodevelopmental to a
neurodegenerative model (a combined model) of schizophrenia with multiple bio-
chemical abnormalities involving the dopaminergic, serotonergic, glutamate, and
gamma-aminobutyric acidergic systems [71], and brain alterations.

12.2.6 Vulnerability Models

Though recent studies have shown that several neurobiological alterations in
domains of brain structure, physiology and neurochemistry may reflect diverse
pathophysiological pathways from the “genome to the phenome” (reviewed in [50,
72, 73]), a conclusive identification of specific etiological factors or pathogenic pro-
cesses in the illness has remained elusive. Attention has focused on disease models
involving genetic, neurodevelopment, neurodegenerative, and environmental fac-
tors and mechanisms. The stress-vulnerability models of schizophrenia and other
psychotic disorders have dominated etiology theories for over three decades.

The stress-vulnerability model has become established as a framework for
explaining how environmental factors interact with preexisting vulnerability in the
etiology and course of the disorder [74]. This model postulates that vulnerability
to illness is stable, enduring, and largely attributable to genetic and environmen-
tal factors. Greater vulnerability is associated with higher risk for developing
schizophrenia, but the actual expression of this predisposition depends on a host
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of personal and environmental factors, some of which are noxious, while others are
protective. The interaction of vulnerability, stressors and protective factors influ-
ences both the onset and the course of the disorder. More recently, with advances
in our understanding of the biological processes that mediate the effects of stress,
these models have incorporated mechanisms to account for the adverse impact of
stress on brain function [75].

The neural diathesis–stress model proposes that the constitutional diathesis for
schizophrenia depends on neuroendocrine pathways through which stress exposure,
specifically cortisol release mediated by the hypothalamic-pituitary-adrenal (HPA)
axis, influences dopamine transmission [74, 76]. The neural diathesis–stress model
of schizophrenia can be expanded to account for the heterogeneity of effects of
psychological stressors.

A tentative model of schizophrenia is presented, based on the evidence that
certain personality characteristics may serve as vulnerability factors and that envi-
ronmental stressors may precipitate psychotic periods in vulnerable individuals.
Certain information-processing deficits, autonomic reactivity anomalies, and social
competence and coping limitations are viewed as potential vulnerability factors.
Stressors in the form of discrete life events as well as the prevailing level of social
environmental stress are considered factors that interact with preexisting vulner-
ability characteristics to produce vicious cycles that lead, in turn, to psychotic
episodes. A distinction among stable vulnerability indicators, mediating vulnera-
bility factors, and episode indicators is suggested to differentiate types of abnormal-
ities that characterize individuals prone to or manifesting schizophrenic disorder
[75, 77].

“Multiple hit” models have been formulated including two and three hit models
of schizophrenia, which suggest the importance of additive and interactive effects of
environmental risk factors against a background of genetic predisposition [78–80].
Genetic factors, most likely multiple genes of modest effect, play a major role
in its etiology, but an environmental “second hit” may be necessary for clinical
expression. Stress has been postulated as a factor in so called “two hit” models of
schizophrenia in which two independent insults (e.g., an aberrant genetic trait and
stressful experience) are thought to be necessary for the occurrence of the disorder.
In this model, genetic or environmental factors disrupt early central nervous system
(CNS) development. The adaptive plasticity of chronic stress involves many medi-
ators, including glucocorticoids, excitatory amino acids, brain neurotrophic factor
(BDNF), polysialated neural cell adhesion molecule and tissue plasminogen activa-
tor [81]. Inappropriate neurotrophic support during brain development could lead
to structural disorganization in which neuronal networks are not optimally estab-
lished. Inadequate neurotrophic support in adult individuals could ultimately be an
underlying mechanism that may lead to decreased capacity of the brain to adapt to
changes and increased vulnerability to neurotoxic damage [82, 83]. Keshavan [78]
proposed that these factors might interact cumulatively during successive critical
“windows of vulnerability” during brain development and during the early course
of the illness to lead to the clinical manifestations of the illness. Velakoulis et al.
[84] suggest a three-hit model in which an early neurodevelopmental lesion renders
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Fig. 12.4 The “multi-hit” vulnerability model of schizophrenia and other functional psychoses.
Figure presents the four-hit model, which postulates that schizophrenia and other functional psy-
choses have caused by interaction between: (1) genes with major and minor effects with the
possibility of disorder specific and nonspecific effects, respectively, gene-gene interactions and
a diversity of genetic causes in different families or populations (a genetic load first hit); (2) a neu-
ronal vulnerability to triggers during early neurodevelopment is a second hit (its underlying causes
both genes with major effects and environmental stress); (3) a stress sensitization that could act as
a third hit, facilitating (4) mechanisms of neurodegeneration such as apoptosis, excitotoxicity or
oxygen radical formation due to environmental factors (a fourth hit)

the hippocampus vulnerable to further insult later in life during the transition phase
to active illness. Figure 12.4 presents the integrative conceptualization of the four-
hit model, which postulates that schizophrenia and other functional psychoses have
caused by interaction between:

1. genes with major and minor effects with the possibility of disorder specific and
nonspecific effects, respectively, gene-gene interactions and a diversity of genetic
causes in different families or populations (a genetic load first hit);

2. a neuronal vulnerability to triggers during early neurodevelopment is a second hit
(its underlying causes include both genes with major effects and environmental
stress); and

3. a stress sensitization that could act as a third hit, facilitating mechanisms of
neurodegeneration such as apoptosis, excitotoxicity or oxygen radical formation
due to environmental factors (a degeneration fourth hit).
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Thus, currently schizophrenia is best conceptualized as a “multiple hit” illness or
spectrum disorder similar to cancer.

12.3 Neuroprotective Approach

The neuroprotective approach is a treatment paradigm, that is theoretically based
on both neurodevelopmental and neurodegenerative models of schizophrenia. This
approach aims to protect against gray matter loss and slow functional decline fol-
lowing the onset of psychosis, and to maintain functional integrity of the brain in
response to neurobiological stress. Neuroprotective therapy is the administration of
an agent (medication, compound etc.) that can reverse some of the damage or pre-
vent further damage. By definition, neuroprotection is an effect that may result in
salvage, recovery or regeneration of the brain, its cells, structure and function [46,
85–88].

During the past few years research has focused on developing neuroprotec-
tive agents for the therapy of various degenerative diseases, including Alzheimer’s
disease, amyotrophic lateral sclerosis, Parkinson’s disease, and glaucoma [89].
Regarding schizophrenia and related disorders some neuroprotective agents (e.g.,
erythropoietin, glycine, D-serine, neurosteroids, memantine, celecoxib, and others)
are currently being evaluated as add-on therapies. Ehrenreich et al. [90] reviewed the
neuroprotective approach using erythropoietin that represents a novel frontier. The
“Gottingen EPO-stroke trial” represents the first effective use in man of a neuropro-
tective therapy in an acute brain disease.The experimental erythropoietin therapy
to combat cognitive decline in patients with schizophrenia was introduced as a
neuroprotective strategy for a chronic brain disease. There is ample evidence that
neurotrophins and endogenous cannabinoid systems have numerous neuroprotective
effects (see below).

12.4 Targets for Neuroprotective Therapy

Although the molecular mechanisms of neurodegeneration and pathogenesis of
schizophrenia remain largely unknown, a significant body of literature indicates
that the main mechanisms implicated in the disease process may include apoptosis,
excitotoxicity, oxidative stress, stress and others.

12.4.1 Apoptosis

Apoptosis (programmed cell death) is a normal physiologic process that occurs
during embryonic development as well as in the maintenance of tissue home-
ostasis. Studies have shown that various neurochemical events at the synapse can
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induce apoptosis [91]. Triggering actions include excessive glutamate stimulation,
calcium influx reactive oxygen species all of which may induce caspase activation
in dendrites.

Apoptosis is a one of the most recent mechanisms implicated in the pathophys-
iology of schizophrenia [92, 93]. While schizophrenia is generally considered a
neurodevelopmental disorder, evidence for progressive clinical deterioration and
subtle neurostructural changes following the onset of psychosis has led to the
hypothesis that apoptosis may contribute to the pathophysiology of schizophrenia
[92]. A role for apoptosis in schizophrenia has long been hypothesized, but studies
investigating this hypothesis have only recently begun. Several postmortem studies
have demonstrated that apoptotic vulnerability may be increased in the brains of
patients with chronic schizophrenia, even though active cell death does not occur
[94]. Apoptosis appears to be downregulated in the cortex of patients with chronic
schizophrenia that could reflect either a pathophysiological failure to mount an
effective response to an apoptotic insult or an appropriate compensatory response to
an earlier insult [95].

12.4.2 Oxidative Stress

Oxidative stress has been defined as “a disturbance in the pro-oxidant–antioxidant
balance in favour of the former, leading to potential damage” [96]. Oxidative
stress can cause cellular damage and subsequent cell death because the reactive
oxygen species oxidize vital cellular components such as lipids, proteins, and
DNA. Elaborate antioxidant defense systems exist to protect against oxidative
stress (reviewed in [97]). Oxidative stress has been implicated in the pathophys-
iology of many neurodegenerative diseases, in particular, Parkinson, Huntington,
and Alzheimer disorders, amyotrophic lateral sclerosis, and other disorders.

Accumulating evidence points to many interrelated mechanisms that increase
production of reactive oxygen or decrease antioxidant protection in schizophrenia
patients [53]. For example, there is evidence suggesting that peripheral activities of
antioxidant enzymes and lipid peroxidation are abnormal in schizophrenic subjects
[98]. Decreased activity of key antioxidant enzymes in schizophrenia was found
[99]. Mahadik and Scheffer [100] found increased lipid peroxidation products and
altered defence systems in both chronic and drug-naive first episode schizophrenic
patients. Pavlović et al. [101] examined the erythrocyte levels of lipid peroxida-
tion products and reduced glutathione and the activities of antioxidative defence
enzymes – superoxide dismutase, glutathione peroxidase and catalase – as well
as erythrocyte susceptibility to H2O2-induced oxidative stress in schizophrenia
patients. The obtained results suggest a misbalance in pro/antioxidant status of
chronic schizophrenics, which is more expressed in patients with positive symptoms
of the disease. The accumulated results indicate that oxidative stress is integral to
this disease and not the result of neuroleptic treatment [102]. Wood et al. [53] argue
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that a better understanding of the mechanisms and pathways underlying oxidative
stress will assist in developing the therapeutic potential of this area.

12.4.3 Glutamate Excitotoxicity

Excitotoxicity is the pathological process by which nerve cells are damaged and
killed by glutamate and similar substances. In other words, too much glutamate
release can be destructive and literally excite a neuron to death in a process called
excitotoxicity. Glutamine synthetase constitutes an endogenous mechanism of pro-
tection against glutamate neurotoxicity in neural tissues by catalyzing the amidation
of the neurotoxic amino acid glutamate to the non-toxic amino acid glutamine
(for review see [103]). Deficits in N-methyl-d-aspartate (NMDA) receptor func-
tion play a critical role in the pathophysiology of schizophrenia. Patients who
have excitotoxic damage would be expected to have poor outcomes characterized,
perhaps, by anatomic evidence of progressive neurodegeneration, pronounced neg-
ative symptoms and cognitive deficits, and profound psychosocial deterioration
[104]. Blocking the excitotoxicity process may be brain protective for schizophrenia
patients.

12.4.4 Stress Sensitization

The brain is the key organ for responding to stress because it determines what
is threatening and, therefore, potentially stressful. The brain also influences the
physiological and behavioral responses which can be either adaptive or damaging
[105]. The stress system orchestrates brain and body responses to the environment.
Adverse conditions during early life are a risk factor for stress-related mental dis-
orders. Psychosocial stress, such as life events, childhood trauma, or discriminatory
experiences powerfully affect the brain and body and last throughout the entire life
span, influencing brain function, behavior, and the risk for a number of systemic and
mental disorders [81, 106, 107]. There is evidence that environmental factors, which
interact with multiple genes, and epigenetic factors, psychological or physiological
alterations, induce persistent sensitization to stress [107, 108]. Stress sensitization
may be critical in the development or relapse of schizophrenia.

The neurobiological substrate of stress sensitization involves dysregulation of
dopaminergic and noradrenergic systems. Glutamatergic regulation activates HPA
axis in stress response [74, 109]. The HPA axis is one of the primary neural systems
triggered by stress exposure, in the expression of vulnerability for schizophrenia.
The results indicate that psychotic disorders are associated with elevated baseline
and challenge-induced HPA activity; that antipsychotic medications reduce HPA
activation, and that agents that augment stress hormone (cortisol) release exacerbate
psychotic symptoms (reviewed in [75]).



358 M.S. Ritsner

Glucocorticoids modulate early life programming of stress reactivity and are
a significant factor in brain plasticity underlying adaptation, the aging process
and vulnerability to disease [110]. In rodents after a variety of experiences, even
minor ones, during postnatal life, permanent changes in emotional and neuroen-
docrine reactivity have been observed. In particular, the results clearly demonstrate
that early experiences trigger immediate changes in the stress system that may
permanently alter the brain and behavior [111]. A fundamental question in the
neuroendocrinology of stress-related psychopathology is why some individuals
flourish and others perish under similar adverse conditions. We focus on the
variants of mineralocorticorticoid and glucocorticoid receptors that operate in bal-
ance and coordinate behavioral, autonomic, and neuroendocrine response patterns
involved in homeostasis and health. The data suggest that mineralocorticorticoid and
glucocorticoid receptors contribute to individual differences in resilience and vul-
nerability to stressors [112]. Recent evidence shows that corticosteroid hormones
exert rapid non-genomic effects on neurons in the hypothalamus and the hippocam-
pal CA1 region [113]. Although many of the physiological effects of corticosteroid
stress hormones on neuronal function are well recognised, the underlying genomic
mechanisms are only beginning to be elucidated [114].

Brain regions such as the hippocampus, amygdala, and prefrontal cortex respond
to acute and chronic stress by undergoing structural remodeling, which alters
behavioral and physiological responses. Lyons et al. [115] suggest that small hip-
pocampi reflect an inherited characteristic of the brain of monkeys. It has been
reported that volume reductions in the amygdala, hippocampus, superior tem-
poral gyrus, and anterior parietal cortex common to both patient groups may
represent vulnerability to schizophrenia, while volume loss of the prefrontal cor-
tex, posterior parietal cortex, cingulate, insula, and fusiform cortex preferentially
observed in schizophrenia may be critical for overt manifestation of psychosis
[108]. Genetically informed clinical studies should assess whether inherited vari-
ation in hippocampal morphology contributes to excessive stress levels of cortisol
through diminished neuroendocrine regulation. In humans with mood and anxiety
disorders, small hippocampal volumes have been taken as evidence that excessive
stress levels of cortisol induce hippocampal volume loss. Translational studies in
humans with structural and functional imaging reveal smaller hippocampal vol-
ume in stress-related conditions [116], and major depressive illness [117]. Laruelle
[118] proposed that, in schizophrenia, neurodevelopmental abnormalities of pre-
frontal dopaminergic systems might result in a state of enhanced vulnerability to
sensitization during late adolescence and early adulthood. It is also proposed that
dopamine D2 receptor blockade, if sustained, might allow for an extinction of this
sensitization process, with possible re-emergence upon treatment discontinuation.

Changes of protein expressions in the amygdala in the categories of synaptic,
cytoskeletal, oxidative stress, apoptosis, and mitochondria related proteins could be
associated with mechanisms underlying behavioral sensitization [119].

The burden of chronic stress and accompanying changes in personal behav-
iors (smoking, over eating, drinking, poor sleep quality; otherwise referred to as
“lifestyle”) is called allostatic overload [81]. Behavioral sensitization to daily life
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(environmental) stress may therefore be a vulnerability marker for schizophrenia,
reflecting dopaminergic hyper-responsivity in response to environmental stimuli
[120]. There is evidence that emotional reactivity to daily life stress may be related
to a familial liability to develop schizophrenia. In order to test a hypothesis that
a persistent higher level of emotional distress in schizophrenia subjects is associ-
ated with a positive family history of schizophrenia, Ritsner and associates [121]
recorded data for 69 multiplex family and 79 singleton patients at admission and
about 16 months thereafter. Authors found that

• patients with negative family history reported improvement in distress sever-
ity measured by the Talbieh Brief Distress Inventory and depression severity
measured by the Montgomery-Asberg Depression Rating Scale 16 months
after admission, while those with positive family history experienced persistent
elevated emotional distress, mainly, on obsessiveness, and depression subscales;

• both groups of patients are characterized by elevated emotional distress at follow-
up examination compared to healthy subjects, and

• familial schizophrenia is characterized by higher severity of dysphoric mood
factors that also may represent impaired emotional reactivity [121].

Thus, it appears that there is a strong association between positive family history
and persistent elevated emotional distress.

Stress sensitization is most often unspecific for schizophrenia and other brain
disorders, since its can trigger high blood pressure, diabetes, ulcers, asthma and
digestive and lung ailments among others.

12.4.5 Neurotrophic Factor Expression

Neurotrophic factors (or neurotrophins), known as the nerve growth factor, BDNF,
neurotrophin-1, neurotrophin-3, and neurotrophin-4/5, are small proteins that exert
survival-promoting, development and function of neuronal cells [82, 122, 123].
They belong to a class of growth factors, secreted proteins, which are capable of
signaling particular cells to survive, differentiate, or grow [124].

Neurotrophins have established roles in neuronal development, synaptogenesis,
response to stress stimuli, in the regulation of neuronal plasticity and neuron pro-
tection.These agents are neuromodulators of monoaminergic, gamma-aminobutyric
acid (GABAA), and cholinergic systems [125]. This hypothesis is mainly based on
new experimental evidence that psychiatric disorders are associated with neuronal
atrophy and cell loss, impairments of structural plasticity and cellular resilience due
to neurodevelopmental disturbances and morphological abnormalities of the brain.

The neurotrophin hypothesis proposes that repetitive neuronal activity enhances
the expression, secretion and actions of neurotrophins to modify synaptic trans-
mission and connectivity thereby providing a connection between neuronal activity
and synaptic plasticity. Moreover, there is ample evidence that neurotrophins have
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numerous neuroprotective effects under pathological conditions, which might be
important in particular for neurodegenerative diseases with a possible role in most
psychiatric diseases including schizophrenia and mood disorders [126]. Indeed,
since neurotrophic factors play a crucial role in neurodevelopment, they are plausi-
ble candidates for contributing to the pathophysiology of schizophrenia. In line with
this hypothesis, accumulating preclinical and clinical data indicate that dysfunctions
of neurotrophins may contribute to impaired brain development, neuroplasticity and
synaptic “dysconnectivity” that lead to the schizophrenic syndrome, or at least some
of its presentations [82, 127].

Moises et al. [128] proposed that functional deficiencies of glial growth fac-
tors and growth factors produced by glial cells are among the distal causes in
the genotype-to-phenotype chain leading to the development of schizophrenia. The
growth factor deficiency and synaptic destabilization hypothesis suggests that a
functional deficiency of glial growth factors and of growth factors produced by
glial cells such as neurotrophins and glutamate that lead to a weakening of synaptic
strength may be implicated as one of the important causes of schizophrenia. This
hypothesis suggests that glial cells are the locus of gene-environment interactions in
schizophrenia, and that glial asthenia is an important factor for the genetic liability
to the disorder. In addition, an increase of prolactin and/or insulin may be a putative
working mechanism of traditional and atypical neuroleptic treatments.

There is evidence that the levels of growth factors in peripheral blood are
disturbed in schizophrenia. The S100 protein family with pro- and antiapoptotic
members, are mainly produced by astroglial cells, and essentially involved in the
regulation of cell survival and death [129]. The most robust results are reported
for S100B protein, which seems to be elevated in acute psychosis and in patients
with predominant negative symptoms [130]. Large-scale longitudinal multivari-
ate studies, that simultaneously investigate the levels of several growth factors
might provide insight to etiological processes and may identify clinically useful
subsets of patients within the heterogeneous schizophrenia sample. Since the mid-
1960s, a wide variety of intracellular and extracellular activities of S100B has been
elucidated, and it has also been implicated in an increasing number of CNS disor-
ders. S100B is a calcium-binding peptide produced mainly by astrocytes that exert
paracrine and autocrine effects on neurons and glia. It regulates the balance between
proliferation and differentiation in neurons and glial cells by affecting protective and
apoptotic mechanisms. Findings from in vitro and in vivo animal experiments rele-
vant for human neurodegenerative diseases and brain damage are reviewed together
with the results of studies on traumatic, ischemic, and inflammatory brain damage
as well as neurodegenerative and psychiatric disorders. Information about the func-
tional implication of S100B secretion by astrocytes into the extracellular space is
scant but there is substantial evidence that secreted glial S100B exerts trophic or
toxic effects depending on its concentration. Recent findings relating S100B to a
diversity of CNS pathologies such as traumatic brain injury, Alzheimer’s disease,
Down’s syndrome, schizophrenia, and Tourette’s syndrome were discussed [131].

Several studies have reported elevated S100B serum levels in schizo-
phrenia patients. Rothermundt et al. [132] examined S100B serum levels and
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psychopathology (PANSS) among 98 chronic schizophrenic patients with nega-
tive symptoms upon study admission and after 12 and 24 weeks. They showed
significantly increased S100B concentrations upon admission and after 12 and 24
weeks of treatment. High PANSS negative scores were correlated with high S100B
levels. Regression analysis comparing psychopathology subscales and S100B iden-
tified negative symptomatology as the predicting factor for S100B. S100B is not
just elevated during acute stages of disease since it remains elevated for at least 6
months following acute exacerbation. This might indicate that S100B in schizophre-
nia patients either promotes apoptotic mechanisms by itself or is released from
astrocytes as part of an attempt to repair a degenerative or destructive process. In the
next study of this group the relationship between astrocyte activation and cognitive
performance, S100B serum concentration, memory performance, and psychopathol-
ogy were assessed in 40 first-episode and 35 chronic schizophrenia patients upon
admission and after 4 weeks of treatment [133]. Chronic schizophrenia patients
with high S100B were impaired concerning verbal memory performance (Auditory
Verbal Learning Test) compared to chronic and first-episode patients with low
S100B levels. These findings support the hypothesis that astrocyte activation might
contribute to the development of cognitive dysfunction in schizophrenia.

Thus, various aspects of the potential role of neurotrophins in psychiatric
disorders have been studied [82, 126, 127, 130].

1. Animal studies indicate the involvement of neurotrophins in psychopharmaco-
logical therapies and show that gene expression of cerebral neurotrophins is
altered in animal models of several psychiatric disorders.

2. A reduction in BDNF production and availability in the dorsolateral prefrontal
cortex of schizophrenics, suggests that intrinsic cortical neurons, afferent neu-
rons, and target neurons may receive less trophic support in this disorder
[134].

3. Neurotrophin serum changes have been observed in most psychiatric disorders.
Whether or not these alterations represent primary-causal or secondary-reactive
changes remains to be determined.

Although many issues related to the role of neurotrophic factors in schizophrenia
are still unclear, these factors are attractive candidates for therapeutic agents in many
clinical conditions and chronic neurodegenerative diseases including schizophrenia.

12.4.6 Neurosteroids: Modes of Action and Alterations

Pregnenolone (PREG) and its metabolites such as pregnenolone sulfate (PREGS)
[together abbreviated PREG(S)], dehydroepiandrosterone (DHEA) and dehy-
droepiandrosterone sulfate (DHEAS) [together abbreviated DHEA(S)] are neuros-
teroids. Neurosteroids are synthesized in the central and peripheral nervous system,
particularly but not exclusively in myelinating glial cells, from cholesterol or
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steroidal precursors imported from peripheral sources [135]. DHEA is formed from
PREG by the microsomal cytochrome P450c17 enzyme (17a-hydroxylase/17,20-
desmolase) in the brain and the adrenals. DHEA(S) concentrations in the human
brain were found to be much higher than in peripheral circulation but also exceeded
their very low cerebrospinal fluid (CSF) levels, ranging from about 1 to 5% of the
corresponding plasma concentrations. DHEA(S) levels decrease markedly with age
in humans, and levels in elderly populations are reduced to 20–30% of peak levels
in young adulthood (reviewed in [136]).

Biological actions of PREG(S) and DHEA(S) include neuroprotection, neurite
growth, and antagonistic effects on oxidants and glucocorticoids, a modulatory
effect on neuronal excitability and synaptic plasticity, they have many functions
associated with response to stress, mood regulation and cognitive performance
[136–138] (reviewed in [136–138]).

Neuroprotective effects. The main effect of PREG and DHEA and their sulfates
is neuroprotective [139–142]. Indeed, many lines of investigation demonstrate that
neurosteroids have neuroprotective properties.

DHEA(S) inhibits apoptosis in human peripheral blood lymphocytes through a
mechanism independent of either androgen receptors or estrogen receptors [143].
These neurosteroids also protect sympathoadrenal medulla cells against apoptosis
via antiapoptotic Bcl-2 proteins [144]. DHEA(S) exhibit reduction of neurodegener-
ation [145, 146]. Yapanoglu et al. [147] evaluated the effects of DHEA on apoptosis
of testicular germ cells after repair of testicular torsion in rats. The results suggest
that DHEA may be a protective agent for preventing apoptosis caused by testicular
torsion. Animal and in-vitro studies have shown that DHEA and DHEAS stimu-
late neuronal outgrowth and development [148, 149] and improve glial survival,
learning and memory [141, 148]. Recent studies described a protective effect of
DHEA on neuronal survival after oxidative, ischemic or traumatic damage [144,
150]. This specifically extends to a protective effect of DHEA on the hippocampus
[151], which supports the proposed anti-glucocorticoid effect of DHEA, as gluco-
corticoids are known to affect hippocampal structure and function. DHEA(S) protect
chromaffin cells and the sympathoadrenal PC12 cells (an established model for the
study of neuronal cell apoptosis and survival) against serum deprivation-induced
apoptosis [152].

PREG(S) and DHEA(S) modulate HPA axis activity and cerebral BDNF protein
levels in adult male rats. In detail, they induced corticotropin-releasing hormone
and/or arginine vasopressin synthesis and release at the hypothalamic level, thus
enhancing plasma adrenocorticotropin hormone and corticosterone concentrations.
This stimulation of the HPA axis occurred concomitantly with BDNF modifications
at the hippocampus, amygdala and hypothalamus levels [142]. These results highly
suggest that part of the HPA axis and antidepressant effects of neuroactive steroids
could be mediated by BDNF, particularly at the amygdala level. They also sug-
gest that neurosteroid effects on central BDNF could partially explain the trophic
properties of these molecules.

PREG has neuroprotective effects against both glutamate and amyloid beta
protein neuropathology and glutamate neurotoxicity [140]. Likewise, DHEA(S)
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demonstrated neuroprotective effects on NMDA-induced neurotoxicity in primary
cultured rat hippocampal neurons [153]. In addition, DHEA(S) block the neurotoxic
effects of cortisol on hippocampal cells [154], protect neurons against glutamate
and amyloid ß-protein toxicity [155], and glucocorticoid toxicity [156]. The par-
ticipation of aromatase in the neuroprotective effect of these neurosteroids was
assessed in a study that suggested that estradiol formation by aromatase mediates
neuroprotective effects of PREG and DHEA against excitotoxic-induced neuronal
death in the hippocampus [157]. Recently, Akan et al. [158] investigated the
effects of PREG and PREGS on cell viability and amyloid beta peptide toxic-
ity in a concentration and exposure time-dependent manner in rat PC-12 cells.
PREG showed a dose-dependent protective effect against amyloid beta peptide in
PC-12 cells. But its sulfate ester did not have the same effect on amyloid beta
peptide toxicity. Leskiewicz et al. [159] examined the effect of PREG, DHEA(S),
and allopregnanolone on staurosporine-, glutamate-, and NMDA-induced dam-
age in primary cortical neuronal culture. It was shown that glutamate-induced
cell damage was attenuated by PREG, DHEA, and DHEAS, but not by allo-
pregnanolone. The results of the present in vitro studies suggest that excitatory
neurosteroids PREG and DHEA(S) at physiological concentrations participate
in the inhibition of cortical neuronal degeneration elicited by staurosporine and
glutamate. DHEA(S) supplement greatly increases neuronal survival and differen-
tiation and reduces astroglial proliferation rates in mouse brain cells in cultures
[160]. Treating adult male rats with subcutaneous pellets of DHEA increased
the number of newly formed cells in the dentate gyrus of the hippocampus, and
also antagonized the suppression of corticosterone. In other words, DHEA reg-
ulates neurogenesis in the hippocampus and modulates the inhibitory effect of
increased corticoids on both the formation of new neurons and their survival
[161].

DHEA has been shown to display antioxidant properties. DHEA protects
hippocampal cells from oxidative stress-induced damage [162].

DHEA and DHEAS exhibit anti-stress properties [163, 164], in particular, as a
mediator of the HPA axis adaptation to stress and other psychiatric symptoms [165].

CNS receptors. Neurosteroids directly affect major CNS receptors, especially
the gamma-aminobutyric acid (GABAA), NMDA and sigma receptors [145, 166].
More specifically, certain naturally occurring PREG can enhance GABAA receptor
function in a direct manner, and consequently have anxiolytic, analgesic, anticonvul-
sant, sedative, hypnotic and anaesthetic properties [167]. In particular, they may act
as potential signaling molecules for neocortical organization during brain develop-
ment, regulate the neuronal function by affecting the neuronal excitability through
prominent modulatory effects on the GABAA, sigma-1, and NMDA [145, 168, 169],
cholinergic [170], and dopaminergic [171] systems. These modulations may lead to
important changes for neuronal excitability.

There is evidence supporting a receptor-dependent basis for the direct physiolog-
ical effects of DHEA(S). The data supporting an intracellular receptor for DHEA(S)
are relatively weak and do not allow us to determine whether DHEA(S) directly, or
a metabolite of DHEA(S), acts as a direct receptor ligand [172].
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Neurosteroids demonstrate cognitive-enhancing effects and have been reported to
improve memory [173]. In preclinical studies, memory-enhancing effects of PREGS
and DHEAS have been attributed to their NMDA-agonistic properties [174].

While several neurotransmitter systems have been linked to neurocogni-
tive abnormalities in schizophrenia, including prefrontal glutamatergic, cortical
dopaminergic and cholinergic neurotransmission function, the association between
neurosteroids and neurocognitive function is not yet fully understood and has been
sparsely investigated. Early DHEA studies that investigated neurocognitive func-
tions in schizophrenia patients noted that neurocognitive impairment was associated
with low DHEAS levels [175, 176], high DHEAS levels [177] or high DHEA levels
[175], or no association was found altogether [178].

Alterations. There is accumulating evidence that alterations in PREG(S) and
DHEA(S) may be involved in the pathophysiology of schizophrenia, mood and
cognitive disorders [73, 136, 178–180]. Previous clinical studies demonstrated low
circulating levels of PREG in the elderly, including those with dementia [181], in
individuals with schizophrenia [182], in male patients with generalized anxiety dis-
order [183], and in non-medicated male patients with generalized social phobia
[184].

Comparison of the values of blood DHEA and DHEAS levels of schizophrenia
patients with healthy controls were found to differ between studies, ranging from
normal to low, and to high levels. Overall, serum DHEA and DHEAS concentrations
range from 15.7 to 90.9 nmol/L, and from 4,928 to 12,777 nmol/L, respectively,
among schizophrenia patients, as well as, from 24.0 to 68.8 nmol/L, and from 5,375
to 13,477 nmol/L among healthy subjects, respectively. Meta-analysis of differ-
ences in mean concentrations of serum DHEA(S) between schizophrenia patients
and control subjects show significant non-zero effect (p <0.001), and significant
heterogeneity of data (p <0.001; see more details and references in [136]).

Contradictory and confusing reports on serum DHEA levels in schizophrenia led
us to compare the serum concentration of PREG, and DHEA between 15 medicated
schizophrenia patients and 12 healthy subjects at four time points: at the start of the
study, after 2, 4 and 8 weeks [182]. Controlling for age, serum concentrations of
PREG were lower, while the DHEA level and the molar ratio values of DHEA to
PREG were higher in schizophrenia patients compared to healthy controls. PREG
and DHEA levels and their molar ratio did not change significantly during the study
period either among schizophrenia patients or healthy controls. The blood levels of
PREG appear to be associated with trait-anxiety scores in schizophrenia patients,
while associations of clinical symptoms with two neurosteroids did not reach a sig-
nificant level when the confounding effect of emotional distress, and anxiety scores
was controlled. Thus, low serum PREG concentrations in schizophrenia appear to be
associated with trait-anxiety scores independent of symptoms. PREG and DHEA to
PREG molar ratio may represent a trait-like marker of impaired hormonal response
to stress in schizophrenia. Although, the role of PREG and DHEA in non-specific
response to distress and anxiety or in the pharmacotherapy of schizophrenia is as
yet unclear, this report adds evidence to the assumption that, for example PREG
and DHEA concentrations, are not related to specific diagnoses, but to more general
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psychological states such as anxiety, that can occur in various disorders. A fur-
ther longitudinal large-scale case-control comparison of PREG and DHEA levels
in treated and an untreated, as well as in washed-out schizophrenia patients is
warranted.

Thus, some neurosteroids may act as endogenous neuroprotective factors. The
decline of neurosteroid levels during aging and schizophrenia may leave the brain
unprotected against neurotoxic challenges. Therefore, PREG and DHEA may be
suitable candidates for the treatment of schizophrenia and schizoaffective disorder
patients.

12.5 Brain Protective Compounds

There are some compounds with neuroprotective properties that may be able to
protect brain maturational processes disturbed in schizophrenia, mood and cog-
nitive disorders, such as neurosteroids (PREG, DHEA), estrogen, omega-3 fatty
acids, memantine, erythropoietin, S-adenosylmethionine, cannabinoids, piracetam,
modafinil, L-theanine, bexarotene. The main targets for neuroprotective ther-
apy may be divided on: (1) neurodegenerative processes in schizophrenia (e.g.,
apoptosis, excitotoxicity, oxidative stress, stress sensitization, neurotrophic factor
expression, and alteration of neurosteroids); and (2) psychopathological symptoms,

Fig. 12.5 Neurodegenerative, clinical and behavioral targets for neuroprotective therapy in
schizophrenia and related disorders (Reproduced from [6])
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and behavioral characteristics of schizophrenia patients, which used as “outcome
measures” in order to test efficacy and safety of a new candidate for treatment agent
(Fig. 12.5).

12.5.1 Pregnenolone and DHEA

Several clinical trials have been conducted with these neurosteroids for treatment
of schizophrenia patients. DHEA augmentations (50–200 mg/day) for a period of
1–12 weeks were examined in cross-sectional [185–187] and crossover [188–190]
designs. Comparative analyses of the obtained findings are presented in the review
[191]. Briefly, the first compared patients receiving DHEA (n=15) and placebo
(n=12) and indicated a significant efficacy of DHEA augmentation (100 mg/day)
after 6 weeks in the management of negative, depressive, and anxiety symptoms of
schizophrenia [185]. Subjects receiving DHEA demonstrated a significant increase
in DHEA(S) plasma levels that were correlated with improvement in negative symp-
toms, but not with improvement in depressive and anxiety symptoms. Limitations
of the small sample size and lack of cognitive and quality of life assessments are
noted.

A second study investigated the effect of DHEA administration during 7 days
on medication-induced extrapyramidal symptoms (EPS) among inpatients with
schizophrenia or schizoaffective disorder that were randomized in a double-blind
fashion to receive either 100 mg DHEA or placebo in addition to a constant
dosage of antipsychotic medication [186]. Parkinsonism showed a favorable effect
of DHEA with a significant time effect, as well as a significant group by time
interaction and with no change noted on akathisia. Change of DHEA blood lev-
els was negatively associated with change of Parkinsonism (p < 0.05) as well as
with change of total EPS ratings (p < 0.05). Authors concluded that DHEA appears
to demonstrate a significant effect on EPS, with improvement observed particularly
in Parkinsonian symptoms.

A third study performed by the same research group included 40 patients with
chronic schizophrenia stabilized on olanzapine. The subjects were randomized in a
double-blind fashion to receive either DHEA (150 mg/day) or placebo augmen-
tation for a period of 12-weeks [187]. 16 patients who received DHEA and 15
patients who received placebo completed the study. DHEA augmentation was not
superior to placebo in improving the scores on rating scales (SANS, PANSS), mea-
sures of side effects, in cognitive performance, and aggressive behavior. Thus, these
cross-sectional DHEA trials [185–187] did not replicate one another in terms of
the depressive and anxiety symptoms, and in the medication-induced adverse side
effects. They did not show a consistent and unequivocal significant favorable effect
of DHEA administration on negative symptoms compared to placebo.

In order to resolve some of the concerns that have risen in the cross-sectional tri-
als, a randomized, double-blind, placebo-controlled crossover study was conducted
in two mental health centers [188]. During this trial 55 patients received either
DHEA (200 mg/day) or placebo in identical capsules for 6 weeks following which
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they were switched to either placebo or DHEA for a further 6 weeks. Patients contin-
ued to receive their regular treatment with daily doses of antipsychotic medication
kept constant for at least 2 weeks prior to entering the study and throughout the study
period. The crossover analysis revealed no statistically significant treatment effect
of DHEA on severity of illness symptoms (PANSS), side effects, or on quality of
life measures compared with placebo treatment. However, this investigation, while
preliminary, supports prior findings of some improvement noted in visual sustained
attention, visual and motor skills due to DHEA administration. DHEA treatment
was well tolerated without any serious adverse effects.

Recently, Ritsner and Strous [190] explored changes in circulating neurosteroids
and neurocognitive deficits in schizophrenia. In order to study the association, they
conducted multiple regression analysis for predicting sustained attention, memory,
and executive function scores across three examinations from circulating levels of
DHEA, DHEAS, androstenedione, and cortisol through DHEA administration in
schizophrenia. Data were collected among 55 schizophrenia patients for a double-
blind, randomized, placebo-controlled, crossover trial with DHEA at three intervals:
upon study entry, after 6 weeks of DHEA administration (200 mg/day), and after 6
weeks of placebo [188, 189]. DHEA augmentation was associated with elevations of
both DHEA and DHEAS serum concentrations. Six weeks of DHEA treatment was
associated with significant improvement in cognitive functions of visual sustained
attention, and motor skills compared to placebo conditions, while DHEA adminis-
tration did not produce significant improvement in clinical symptoms, side effects
and quality of life scores. Obtained findings indicated that circulating DHEAS and
androstenedione levels were positive predictors of cognitive functioning, and DHEA
levels was a negative predictor. Overall, blood neurosteroid levels and their molar
ratios accounted for 16.5% of the total variance in sustained attention, 8–13% in
visual memory tasks, and about 12% in executive functions. In addition, effects
of symptoms, illness duration, daily doses of antipsychotic agents, side effects,
education, and age of onset accounted for variability in cognitive functioning in
schizophrenia. Thus, this study suggests that alterations in circulating levels of neu-
rosteroids and their molar ratios may reflect pathophysiological processes, which,
at least in part, underlie cognitive dysfunction in schizophrenia.

Early human trials with PREG conducted on healthy volunteers under stressful
conditions, demonstrated significant improvements in mood, general well-being,
psychomotor performance and learning [192–194]. Low-doses of oral PREG
(30 mg/day) were generally well tolerated in 17 healthy volunteers who received
pregnenolone for 4 weeks [195].

Given the neuroprotective potential roles of PREG, it was hypothesized that
PREG augmentation to ongoing and unchanged antipsychotic therapy may be able
to improve psychotic symptoms and cognitive performance in chronic schizophrenia
and schizoaffective disorder patients compared to DHEA and placebo administra-
tion. An 8-week, controlled, double-blind, randomized, parallel-group trial with
“low dose” and “high dose” of PREG (30 and 200 mg/day, respectively), and
400 mg/day DHEA augmentation to on-going antipsychotics in the treatment of
chronic schizophrenia and schizoaffective disorders patients was conducted for the
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first time in two large state referral institutions: Sha’ar Menashe Mental Health
Center and Be’er-Sheva Mental Health Center [196]. Data were collected from
February 2005 until June 2007 (70 patients). A total of 58 patients were ran-
domized, 44 patients (12/13 women and 32 /45 men) completed the trial. Ten
patients met criteria for schizoaffective disorders; all other subjects met criteria for
schizophrenia. After an 8-week period, compared with placebo, PREG-30 adminis-
tration was associated with significant reduction in positive symptom scores, EPS,
and improvement in attention, and working memory performance, whereas sub-
jects treated with PREG-200 did not differ on outcome variable scores for the
study period. The condition of patients receiving placebo and PREG-30 improved
more than those subjects treated with DHEA- in general psychopathology severity,
and general functioning, while DHEA was superior to placebo in improving EPS.
No significant main effect of the type of antipsychotics or type of antipsychotics
x time interaction on the Clinical Global Impression – Severity scale (CGI-S),
PANSS subscale, the Global Assessment of Functioning Scale, Extrapyramidal
Symptom Rating Scale (ESRS) and Barnes Akathisia Rating Scale ratings was
observed for patients receiving PREG-30, PREG-200, DHEA and placebo (all
p values >0.05). Interestingly, a significant efficacy of DHEA augmentation was
observed with 50–150 mg/day [185, 187], but not with 200 mg/day [188] or
400 mg/day [196]. Moreover, the augmentation of 400 mg/day of DHEA resulted
in significantly less improvement of CGI-S, and PANSS general psychopathology
scores compared to placebo. Therefore, we suggest an inverted-U clinical response
on a daily dose of PREG and DHEA augmentations (although there could be
other reasons for the inconsistent results: methodological issues, different sam-
ple characteristics, different baseline severity of illness, and varying durations of
combination treatment). Negative symptoms and akathisia did not significantly
benefit from any treatment. The administration of PREG and DHEA was well
tolerated.

Circulatory pregnenolone was found significantly higher among the patients
treated by both neurosteroids compared to the placebo group, however, it was sig-
nificantly higher among those receiving 200 mg/day PREG compared to PREG-30
and the DHEA groups. This study demonstrates no effects of PREG administration
on the other hormones measured in this trial, while treatment with DHEA signif-
icantly elevated blood levels of pregnenolone (but to a lesser extent than PREG
200 mg/day), as well as DHEA, DHEAS, androstenedione, 3a-androstane-3a-17b-
diol-glucoronide, testosterone, and estradiol compared to PREG-30, PREG-200
and placebo. No between group differences in the levels of progesterone, 17-OH-
progesterone, and cortisol were demonstrated. The patients receiving PREG do not
have a risk for elevation of androgenic metabolites, like DHEA, which may in turn
potentially predispose them to various problems such as prostatic hypertrophy in
men and hirsutism in women. PREG’s treatment effects cannot be explained by
an impact of their neuroactive metabolites like DHEA, DHEAS, androstenedione,
3a-androstane-3a-17b-diol-glucoronide, testosterone, and estradiol. Considering the
lack of any significant effect of PREG on the measured hormonal profile in this
study, it may be suggested that PREGs therapeutic effects as noted, are mediated by
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other mechanisms, including further potential hormonal influences not investigated
in this study. In addition, direct neuromodulatory effects on the GABAA, NMDA,
sigma-1, dopaminergic, cholinergic or neurotrophic systems may mediate PREG’s
effect.

Thus, although based on a relatively small sample size, this study suggests
that low-dose PREG treatment for 8 weeks, used as an adjunct to antipsychotics,
has a valuable ameliorating effect on positive symptoms, attention and mem-
ory impairments and antipychotic-induced extrapyramidal side effects, in chronic
schizophrenia and schizoaffective patients. Although the results of this study are
notable, it is crucial to replicate the trial with a larger sample of chronic and
non-chronic schizophrenia or schizoaffective patients, and for a longer duration of
treatment. Further double-blind controlled studies are needed in order to investigate
the clinically significant benefits of pregnenolone augmentation.

12.5.2 Estrogen

In recent years, we have become increasingly aware that estrogen is a gonadal hor-
mone that exerts diverse non-reproductive actions on multiple organs and in multiple
physiological systems. Three major forms of estrogen exist in humans and rodents:
the biologically most prevalent and potent estrogen 17b-estradiol and, in order of
decreasing potency, estrone and estriol. These estrogens are known to exert their
actions through members of the nuclear hormone receptor superfamily, estrogen
receptor-a, and the more recently identified estrogen receptor-b [197, 198]. Estrogen
is now recognized to have centrally mediated neuromodulatory actions in both in
males and females [199–201]. Estrogen receptors are expressed in brain regions
that are involved in sex differentiation and maturation. Wise et al. [202, 203] found
that estrogen receptors play a pivotal functional role in neuroprotection. However,
the cellular mechanisms by which estrogens exert neuroprotective effects are not
clearly understood. In vitro models of neuroprotection, 17bestradiol treatment exerts
neuroprotective effects on diverse neuronal cell types under b-amyloid–induced tox-
icity, excitotoxicity, and oxidative stress [204]. Signaling mechanisms underlying
estrogen-induced neuroprotection and synaptic plasticity, including the important
concepts of genomic versus nongenomic mechanisms, types of estrogen receptor
involved and their subcellular targeting, and implicated downstream signaling path-
ways and mediators were reviewed by Brann et al. [205]. This review demonstrates
the remarkable body of work that has been conducted on the neuroprotective and
neurotrophic actions of estrogen in the brain with particular emphasis on estrogen
actions in the hippocampus, cerebral cortex and striatum.

In addition estradiol exerts rapid membrane effects on neural cells, modulating
ion channels, neurotransmitter transporters, levels of intracellular calcium and other
second messengers and phosphorylation of different kinases [206].

Several clinical observations support the estrogen protection hypothesis, which
proposes:
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• fluctuation of psychotic symptoms in women with schizophrenia, during their
menstruation cycle;

• indications of a higher efficacy of antipsychotic treatment in women with
schizophrenia than in men [207];

• reduction of levels of plasma estrogen in both male [208] and female [209]
schizophrenia patients.

Estrogen has now been used as an adjunct to standard antipsychotic medication
in quite a few studies of female schizophrenia patients [210]. However, most of
these are not double-blind, randomized, controlled trials. Three randomized double-
blind placebo-controlled trials and an open-label study showed that adding estradiol
to women’s usual antipsychotic medications was associated with significant abate-
ment of schizophrenia symptoms [211]. Several trials indicate a protective effect
of estrogen against onset of schizophrenia and the severity of negative symptoms
[212] (reviewed in [213]). Although estrogen appears to be a useful treatment for
schizophrenia, further research is required to determine the appropriate dose and
duration of use of estradiol augmentation.

12.5.3 S-Adenosylmethionine

S-Adenosyl-Methionine (SAMe) is a naturally occurring molecule distributed in
virtually all body tissues and fluids [214]. It is naturally synthesized in the body
during the metabolism of methionine to cysteine, taurine, glutathione and other
polyamine compounds in the presence of methionine-adenosyl-transferase and
adenosine-5’-triphosphate [215]. SAMe’s predominant function is as a primary
methyl group donor for a wide range of compounds including catecholamines, mem-
brane phospholipids, fatty acids, nucleic acids, porphyrins, choline carnitine and
creatinine. Following release of its methyl group, SAMe is converted to S-adenosyl-
homocysteine which, in turn, acts as a competitive inhibitor of SAMe-mediated
methylation reactions. An important function of SAMe involves methylation of cer-
tain phospholipids, particularly phosphatidylethanolamine, and proteins which aid
in the maintenance/control of the fluidity and microviscosity of cell membranes.
Intact SAM-e metabolism is also considered vital for myelin maintenance [216].

SAM-e is able to cross the blood-brain barrier. CSF levels of homovanillic acid
and 5-hydroxyindolacetic acid increase in the brain following its administration
[217]. While the bioavailability of oral administered SAM-e, as opposed to intra-
venous or intramuscular administration, is incomplete, with a significant first-pass
effect and subsequent rapid liver metabolism [218], oral SAM-e does increase lev-
els in blood [219] and CSF [220]. This is especially so when administered in an
enteric-coated form, which is now the simplest, preferred method of administration.

SAMe provides neuroprotection against various aspects of neurotoxicity in nor-
mal and apolipoprotein E-deficient mice and in cultured neuronal cells deprived of
dietary folate and vitamin E and subjected to iron overload. For instance, SAMe
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(AdoMet; 1 mM) protects the stationary phase cells of saccharomyces cerevisiae
against the killing effect of acid (10 mM HCl) by increased the cell survival of the
acid stressed cells [221, 222].

It has been suggested that since SAMe plays an important function in several
metabolic processes, its administration could influence the course of a variety of
disorders. James et al. [223] evaluated plasma concentrations of metabolites in the
methionine transmethylation and transsulfuration pathways in children diagnosed
with autism. Relative to the control children, those with autism had significantly
lower baseline plasma concentrations of methionine, SAMe, homocysteine, cys-
tathionine, cysteine, and total glutathione and significantly higher concentrations of
S-adenosylhomocysteine, adenosine, and oxidized glutathione. This metabolic pro-
file is consistent with impaired capacity for methylation (significantly lower ratio
of SAMe to S-adenosylhomocysteine) and increased oxidative stress (significantly
lower redox ratio of reduced glutathione to oxidized glutathione) in children with
autism.

The intervention trial was effective in normalizing the metabolic imbalance in
autistic children. An increased vulnerability to oxidative stress and a decreased
capacity for methylation may contribute to the development and clinical manifesta-
tion of autism. SAMe was proposed as a treatment for aging [224], gastric illness
[225], liver disease [226], migraine [227], Alzheimer’s disease [228], epilepsy, mul-
tiple sclerosis, HIV-associated neurological implications and spinal cord disease
[229]. Parenteral SAM-e, a methyl group donor, was shown to be an effective
antidepressant (e.g. [230]).

Strous et al. [231] investigated the efficacy of SAMe in managing schizophre-
nia symptomatology in patients with the low activity catechol-O-methyltransferase
enzyme activity polymorphism. Eighteen patients with chronic schizophrenia were
randomly assigned to receive either SAMe (800 mg) or placebo for 8 weeks in a
double-blind design. Results indicated some reduction in aggressive behavior and
improved quality of life following SAMe administration. Female patients showed
improvement of depressive symptoms. Clinical improvement did not correlate with
serum SAMe levels. This preliminary pilot short-term study cautiously supports
SAMe as an adjunct in management of aggressive behavior and quality of life
impairment in schizophrenia. However, like all medications, SAMe may result in
unwanted side-effects mostly mild to moderate in nature and of brief duration. Most
side effects appear to be gastrointestinal in nature (nausea, vomiting, diarrhea, heart-
burn), but may include hypomanic switch (in depressed individuals with underlying
bipolar disorder), anaphylaxis, dizziness, insomnia and headache [215].

12.5.4 Cannabinoids

Cannabidiol is a major constituent of the Cannabis sativa plant. The endocannabi-
noid system consists of cannabinoid receptors, their endogenous ligands and
enzymes for synthesis and degradation of endocannabinoids and represents a local
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messenger system within and between the nervous and immune system (e.g. [232,
233]). Two subtypes of G-protein coupled cannabinoid receptors (CB1 and CB2)
have been cloned and several putative endogenous ligands (endocannabinoids) have
been detected during the past 15 years [234].

Since the discovery of an endogenous cannabinoid system, research into the
pharmacology and therapeutic potential of cannabinoids has steadily increased.
Although it is now apparent that cannabinoids have neuroprotective properties,
many of the mechanisms involved in the process have yet to be characterized.
Cannabinoids have antioxidant, anti-inflammatory, anti-excitotoxic, and anxiolytic-
like properties that allow them to afford neuroprotection in different neurodegen-
erative disorders [234–237]. Cannabinoids have been shown to protect against
neurotoxicity in a number of different cellular, animal, and human experimental
paradigms [238–241]. Cannabinoids produce neuroprotection by reducing intracel-
lular calcium release from ryanodine-sensitive stores [242].

Delta(9)-tetrahydrocannabinol (Delta9-THC), the main Cannabis sativa com-
ponent, increased serum BDNF levels in healthy controls but not light users of
cannabis, which had lower basal BDNF levels [243]. The modulation of mediotem-
poral and ventrostriatal function by Delta9-THC may underlie the effects of
Cannabis sativa on verbal learning and psychotic symptoms, respectively [244].
Delta9-THC induces anxiety and psychotic-like symptoms in healthy volunteers;
these effects of delta9-tetrahydrocannabinol are significantly reduced by cannabid-
iol, which is devoid of the typical effects of the plant. Studies in animal models and
in healthy volunteers clearly suggest an anxiolytic-like effect of cannabidiol [236].

Recent advances in knowledge about cannabinoid receptor function have
renewed interest in the association between cannabis and psychosis (reviewed in
[245–249]):

• Case series, autobiographical accounts, and surveys of cannabis users in the
general population suggest an association between cannabis and psychosis.

• Cross-sectional studies document an association between cannabis use and psy-
chotic symptoms, and longitudinal studies suggest that early exposure to cannabis
confers a close to two-fold increase in the risk of developing schizophrenia.

• Pharmacological studies show that cannabinoids can induce a full range of tran-
sient positive, negative, and cognitive symptoms in healthy individuals that are
similar to those seen in schizophrenia.

• There is considerable evidence that in individuals with an established psychotic
disorder such as schizophrenia, exposure to cannabis can exacerbate symptoms,
trigger relapse, and worsen the course of the illness. For instance, Delta9-THC
in a 3-day, double-blind, randomized, placebo-controlled study (0, 2.5, and
5 mg intravenous) transiently increased learning and recall deficits; positive,
negative, and general schizophrenia symptoms; perceptual alterations; akathisia,
rigidity, and dyskinesia; deficits in vigilance; and plasma prolactin and cortisol
[250]. However, Schwarcz et al. [251] reported improvement of symptoms of
schizophrenia in a small group of patients who received the cannabinoid agonist
dronabinol (synthetic Delta9-THC). They found that 4 of 6 treatment-refractory
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patients with severe chronic schizophrenia but who had a self-reported history
of improving with marijuana abuse improved with dronabinol. This improve-
ment seems to have been a reduction of core psychotic symptoms in 3 of the 4
responders and not just nonspecific calming. These results complement the recent
finding that the cannabinoid blocker rimonabant does not improve schizophrenic
symptoms and suggest that the role of cannabinoids in psychosis may be more
complex than previously thought.

• Only a very small proportion of the general population exposed to cannabis
develops a psychotic illness. It is likely that cannabis exposure is a “compo-
nent cause” that interacts with other factors to “cause” schizophrenia or other
psychotic disorder, but is neither necessary nor sufficient to do so alone.

• Although there is evidence that cannabis use increases the risk of developing
psychotic symptoms, the causal nature of this association remains unclear [252].

• It is unclear if research findings support the clinical opinion that cannabis use
leads to worse outcomes in people with psychosis, or whether this impres-
sion is confounded by other factors [253]. Rathbone et al. [248] evaluated the
effects of cannabis use on people with schizophrenia and schizophrenia-like ill-
nesses. At present, there is insufficient evidence to support or refute the use of
cannabis/cannabinoid compounds for people suffering with schizophrenia.

Thus, highlighting the association between schizophrenia and Cannabis sativa
and the endogenous cannabinoid receptor system, respectively, there are two oppos-
ing relevant findings. On the one hand, there is substantial evidence that cannabis
is an independent risk factor for psychosis that may lead to a worse outcome of
the disease. This risk seems to be increased in genetically predisposed people and
may depend on the amount of cannabis used. On the other hand, during the last few
years, an endogenous cannabinoid receptor system has been discovered [254].

Medications that activate cannabinoid receptors are already available: these
are Cesamet (nabilone), Marinol (dronabinol; Delta9-THC) and Sativex (Delta9-
THC with cannabidiol). The first two of these agents can be prescribed to reduce
chemotherapy-induced nausea and vomiting. Marinol can also be prescribed to stim-
ulate appetite, while Sativex is prescribed for the symptomatic relief of neuropathic
pain in adults with multiple sclerosis and as an adjunctive analgesic treatment for
adult patients with advanced cancer [255]. One challenge now is to identify thera-
peutic targets for cannabinoid receptor agonists in psychiatry, next is to identify the
factors that underlie individual vulnerability to cannabinoid-related psychosis and
to elucidate the biological mechanisms underlying this risk.

12.5.5 Omega-3 Fatty Acids

The two main omega-3 fatty acids in fish oil, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) have important biological functions in the CNS [256]:
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• DHA is a major structural component of neuronal membranes, and changing the
fatty acid composition of neuronal membranes leads to functional changes in the
activity of receptors and other proteins embedded in the membrane phospholipid.

• EPA has important physiological functions that can affect neuronal activity.
• Omega-3 polyunsaturated fatty acids are important for cell protection after

ischemia and also seem to play an important role in the activation of antiapoptotic
signaling pathways [257];

• DHA pretreatment effectively reduces cell-associated methylmercury (MeHg)-
induced neurotoxicity and prooxidant response from MeHg in both cerebellar
astrocytes and neurons [258], improves functional outcome and reduces volume
loss after hypoxia-ischemia in neonatal rats [259].

For schizophrenia or schizoaffective disorder patients treated with 3 g/day of
ethyl EPA, improvement in residual symptoms and cognitive impairment was no
greater than for those patients treated with placebo [260]. There are contradic-
tory findings regarding therapeutic benefits of omega-3 fatty acids, particularly
when EPA is added to existing antipsychotic therapy of schizophrenia patients
[261–263].

12.5.6 Piracetam

Piracetam is a nootropic agent with potent neuroprotective properties that improves
cognitive and mental abilities [264, 265]. The mechanism of action of piracetam
is not well understood. It facilitates cholinergic and excitatory amine neurotrans-
mission without specific binding to receptors [266]. Glutamate alpha-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptors mediate most of
the excitatory neurotransmission in the CNS and also participate in forms of
synaptic plasticity thought to underlie memory and learning, and the formation of
neural networks during development [267]. Interestingly, the neurogenic activity
of piracetam is mediated through the AMPA receptor [268]. Piracetam molecules
surround the phospholipid polar heads in the cell membrane, forming mobile
drug-phospholipid complexes. Consequently, they restore membrane integrity and
fluidity, resulting in better cell membrane viscosity and improved cell function
[269]. This mechanism works at different sites: neuronal, red cell, and platelet
[270, 271].

Piracetam has been used experimentally or clinically to treat a wide range of dis-
eases and conditions, mainly in treatment of organic brain syndrome, myoclonus,
memory impairment, post-concussion syndrome, vertigo, alcohol withdrawal, cere-
brovascular insufficiency, hypoxia, intoxications of different origins or mechanic
brain injuries [272]. Piracetam has been used successfully in treatment of alco-
holism, recovery of aphasia after stroke, improvement or reduction of deteriora-
tion in dementia and Alzheimer’s disease (http://www.piracetam.com/index.htm).
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Piracetam has increased reading comprehension, accuracy, memory and ver-
bal learning in dyslexic children [265], it has improved mental performance in
“aging, nondeteriorated individuals” suffering only from “middle-aged forgetful-
ness” [264].

Libov et al. [273] examined the efficacy of piracetam (4800 mg/day) in the
treatment of tardive dyskinesia using an oral preparation in a 9-week, double-
blind, crossover (4 weeks), placebo-controlled trial assessing 40 schizophrenia and
schizoaffective patients. Authors concluded that piracetam appears to be effec-
tive in reducing symptoms of tardive dyskinesia. The specific mechanism by
which piracetam may attenuate symptoms of tardive dyskinesia needs to be further
evaluated.

12.5.7 Modafinil

Modafinil (2-[(Diphenylmethyl) sulfinyl] acetamide, Provigil) is a USA Food and
Drug Administration-approved medication that promotes wakefulness. It is a novel
cognitive enhancer, has neuroprotective effects [274], and selectively improves neu-
ropsychological task performance in healthy volunteers and adult patients with
attention deficit hyperactivity disorder. Modafinil exhibits robust effects on cate-
cholamines, serotonin, glutamate, gamma amino-butyric acid, orexin, and histamine
systems in the brain. It is associated with a number of neurochemical actions in the
brain that may be related to cognitive processes [275].

Turner et al. [276] examined the potential of modafinil (200 mg) as a cog-
nitive enhancer in schizophrenia among 20 chronic schizophrenia patients using
a double-blind, randomized, placebo-controlled crossover design. Modafinil had
some cognitive enhancing properties in schizophrenia similar to those observed in
healthy adults and adult patients with attention deficit hyperactivity disorder.

Sevy et al. [277] examined 24 patients with a DSM-IV diagnosis of schizophrenia
or schizoaffective disorder who were randomly assigned to modafinil up to 200 mg a
day or placebo as an adjunct therapy in an 8-week, double-blind, placebo-controlled
study. At the end of the trial, fatigue improved in both groups, and there were
no between group differences on changes in fatigue, symptoms, attention, work-
ing memory, or executive functioning. Lack of between group differences may be
due to small sample size.

Saavedra-Velez et al. [278] reviewed available data on trials of modafinil pub-
lished in English up to January 2008 (6 trials were identified). Authors concluded
that while the available data suggest that modafinil is generally well tolerated and
may have some efficacy in the treatment of antipsychotic-induced sedation and cog-
nitive domains, the small sample sizes, contradictory results, and methodological
differences between trials, especially with respect to cognitive testing, make it diffi-
cult to draw firm conclusions about the overall effectiveness of adjunctive modafinil
in the treatment of schizophrenia. Therefore, further research is required to address
the potential benefits and risks of co-administration of modafinil to patients with
schizophrenia.
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12.5.8 L-Theanine

L-Theanine (gamma-glutamylethylamide) is a unique amino acid present almost
exclusively in the tea plant (Camellia sinensis), where it typically occurs in amounts
estimated from 1 to 2% by dry weight [46, 279]. L-theanine is absorbed through the
intestinal tract and is hydrolyzed to glutamic acid and ethylamine in the kidney.Peak
plasma concentration was found 30 minutes after oral dosing [280]. When 200 mg of
L-theanine was orally administered to rats, the plasma concentrations of L-theanine
and ethylamine reached their highest levels about 0.5 and 2 h after administra-
tion, respectively. When theanine becomes catabolized in the liver [281, 282] or
kidney [280] it decomposes into two components: glutamic acid and ethylamine.
The main effects of theanine may be grouped as follows: neuroprotective, mood-
enhancing, supporting the immune system, possessing anti-obesity and anti-tumor
activity, hypotensive, and reducing liver injury effects resulting from alcohol.

The neuroprotective effects of L-theanine are the focus of considerable attention.
For instance, animal studies indicate possible neuroprotective effects of L-theanine
in the hippocampus through blockade of multiple glutamate receptor subtypes,
NMDA, and AMPA receptors [283, 284]. L-theanine was found to inhibit ischemic
delayed neuronal death in gerbils. Furthermore, L-theanine is effective in protect-
ing nerve cells from injury caused by low levels of oxygen, a condition known
as ischemia, which is also characterized by excessive glutamate release [283].
L-Theanine was also reported to stimulate the release of nerve growth factor, a
protein needed by cholinergic brain cells for survival [285].

The antioxidant activity of L-theanine has been studied with regard to its effect
on the oxidation of low-density lipoprotein. In vitro testing, using malondialdehyde
as a marker of lipid peroxidation, demonstrated inhibition of low-density lipoprotein
oxidation with L-theanine, although the effect was weaker than the potent antioxi-
dant effect of green tea polyphenols [286]. L-Theanine attenuated the doxorubicin
-induced adverse reactions involved in oxidative damage, due to increased glutamate
and the recovery of glutathione levels in normal tissues [287].

L-Theanine bears structural similarity to glutamic acid and hence competes with
it in binding to glutamate receptors, offering protection against glutamate neurotox-
icity [288]. Nagasawa et al. [289] investigated the molecular mechanism underlying
the neuroprotective effect of L-theanine using primary cultured rat cortical neurons.
Their findings strongly support the notion that neuroprotection by L-theanine can
be observed when it is administered orally in vivo.

Theanine may have mood-modulating activity and play a role in reducing emo-
tional distress (anti-stress activity). This amino acid actually acts antagonistically
against the stimulatory effects of caffeine on the nervous system [283, 288].
Research on human volunteers has demonstrated that L-theanine induces a sense
of relaxation approximately 30–40 minutes after ingestion via at least two different
mechanisms. First, this amino acid directly stimulates the brain alpha wave activ-
ity [290], creating a state of deep relaxation and mental alertness similar to what
is achieved through meditation. Second, the relaxing effects of L-theanine partly
depend on its ability to interact with the brain’s glutamatergic system [291].
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Whereas historically, L-theanine has been shown to have relaxing properties
[284, 292], it also has a reputation for counteracting the anxious jitters associated
with caffeine without interfering with its ability to fight fatigue or sharpen mental
focus [283, 293], although, the anxiolytic effects of theanine have not been estab-
lished scientifically in animal or human studies. The pharmacological effects of
L-theanine reported in animals suggest that it may have some anxiolytic properties,
given that both serotonin and GABA play a fundamental role in the neurobiology of
anxiety and are molecular targets in the treatment of various anxiety disorders [294].
Supporting the preclinical pharmacological effects of L-theanine, one electrophys-
iological study using healthy human subjects reported possible relaxing effects of
L-theanine (200 mg), as indicated by increased alpha activity in the occipital and
parietal cortex [295].

L-Theanine has become a promising candidate for management of schizophrenia
because L-theanine may influence neurotransmitters in the brain such as GABA,
dopamine, and serotonin [296, 297], and ameliorate attention and learning [292],
and emotional distress [298].

Ritsner et al. [299] conducted the first trial aimed to evaluate the efficacy and
tolerability of L-theanine augmentation of antipsychotic treatment in patients with
chronic schizophrenia or schizoaffective disorders. L-Theanine was added-on to
ongoing antipsychotic treatment (400 mg/day) of 60 patients that participated in
an 8-week, double-blind, randomized, placebo-controlled study (40 patients com-
pleted the study protocol). Compared with placebo, L-theanine augmentation is
associated with reduction of anxiety, positive, and general psychopathology scores
measured by Hamilton Scale for Anxiety (HAM-A) scale and by the PANSS
three-dimensional model, respectively. According to the five-dimension model of
psychopathology, L-theanine produced significant reductions on PANSS positive,
and activation factor scores compared to placebo. The effect sizes for these differ-
ences ranged from modest to moderate (0.09–0.39). PANSS negative and CANTAB
task scores, general functioning, side effect and quality of life measures were
not affected by L-theanine augmentation. L-theanine was found to be a safe and
well-tolerated medication. Thus, L-theanine augmentation to antipsychotic ther-
apy can ameliorate positive, activation, and anxiety symptoms in schizophrenia and
schizoaffective disorder patients. Further long-term studies of L-theanine are needed
to substantiate the clinically significant benefits of L-theanine augmentation.

12.5.9 Retinoids (Bexarotene)

Vitamin A derivatives, retinoids, play a critical role in normal development and
physiology by modulating cell growth, division, reproduction, differentiation, and
immune function [300], they are involved in a complex signaling pathway that reg-
ulates gene expression and, in the CNS, controls neuronal differentiation and neural
tube patterning [301]. Retinoids are also capable of inhibiting cell growth, inducing
differentiation, and triggering apoptosis in a variety of tumor cell lines [302].
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There are two types of retinoid nuclear hormone receptors: retinoic acid receptors
(RARs) and retinoid X receptors (RXRs). Both belong to the corticosteroid receptor
superfamily and co-exist in most cells. The alpha, beta, and gamma subtypes of the
RARs and RXRs have distinct and conserved amino and carboxy terminal domains.
Each receptor subtype has a specific pattern of expression during embryonal devel-
opment and a different distribution in adult tissues. This differential expression of
receptor subtypes is thought to regulate the expression of distinct sets of genes.
Heterodimers of the RARs and RXRs bind and regulate a specific DNA sequence
known as the retinoic acid response element, which is located in the promoter region
of genes such as the RAR-b2 gene (reviewed in [303]).

Rexinoid receptor (RAR, RXR) families have been shown to mediate genes asso-
ciated with both growth and differentiation. Gorgun and Foss [304] explored the
immunomodulatory effects of RAR and RXR rexinoids in human T- and B-cell
leukemia cells and demonstrated that RXR rexinoids are capable of up-regulating
high-affinity interleukin-2 receptor expression.

Several studies reported that retinoids are involved in neurodevelopment [305,
306] and regulation of genes thought to be important in the pathogenesis of
schizophrenia [307–309]. Although a major functional implication of retinoic sig-
naling has been repeatedly suggested in synaptic plasticity, learning and memory,
sleep, schizophrenia, depression, Parkinson disease, and Alzheimer disease, the tar-
gets and the underlying mechanisms in the adult brain remain elusive (see reviews
[46, 310]).

The retinoid hypothesis in schizophrenia, developed by Ann Goodman [311, 312]
is supported by three independent lines of evidence:

• congenital anomalies similar to those caused by retinoid dysfunction, are found
in schizophrenic patients and their relatives;

• the loci which have been suggestively linked to schizophrenia are the same as the
genes of the retinoid cascade (convergent loci); and

• the transcriptional activation of dopamine D2 receptors and numerous other
schizophrenia candidate genes are regulated by retinoic acid [311].

Several recent reports at the molecular level now suggest that altered trans-
port and lowered synthesis of retinoic acid may be fundamental mechanisms in
schizophrenia [312]. Vitamin A (retinoid) deficiency induces selective memory
impairment further supporting the hypothesis in that the fine regulation of retinoid-
mediated gene expression is important for optimal brain and higher cognitive
functions [313]. Animal experiments, which disrupt retinoid-signalling pathways,
compromise the regulation of synaptic plasticity and related learning and mem-
ory behaviours [314–319]. These pathways have also been connected with the
pathophysiology of Alzheimer’s disease, schizophrenia and depression. Retinoid
analogs have therefore been proposed as potential treatment for schizophrenia
[311, 320].

Bexarotene, LGD1069 (Targretin) belongs to the group of synthetic medicines
derived from vitamin A (retinoid). Its chemical name is 4-[1-(5,6,7,8-tetrahydro-3,
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5,5,8,8-pentamethyl-2-naphthalenyl)ethenyl] benzoic acid [321]. To date this med-
ication has been exclusively used as treatment of neoplastic or dermatological
diseases using a high daily dose (more than 300 mg/day) [322–324]. Adverse
events potentially related to bexarotene include lipid abnormalities, hypothy-
roidism, headache, asthenia, rash, leucopenia, anemia, nausea, and increased risk
of infection, peripheral edema, abdominal pain, dry skin, dizziness, hyperesthesia,
hypoesthesia, and neuropathy [325].

Based on the retinoid hypothesis in schizophrenia, our group conducted a
6-week open label trial in two mental health centers [326]. It was assumed
that the combined effect of antipsychotic agents and bexarotene would have
a beneficial effect in treatment of psychopathological symptoms in chronic
schizophrenia patients. Since high daily doses of bexarotene can produce numer-
ous adverse effects, the first trial was aimed to examine safety and preliminary
efficacy of a low daily dose (75 mg/day) of bexarotene in an open label pilot
study. Twenty-five patients with chronic schizophrenia received a low dose of
bexarotene (75 mg/day) augmentation. Significant improvement from baseline
to endpoint was observed on the total PANSS score, general psychopathology,
and on the positive and the dysphoric mood factor scores. Furthermore, a trend
to a diminishing ESRS score was found. Low doses of bexarotene were well
tolerated. Bexarotene was found to be a safe medication as measured by all
laboratory parameters with the exception of increased total cholesterol serum
levels. This short-term pilot study supports bexarotene as a potential valuable
adjunct in management of schizophrenia. A double-blind controlled study is cur-
rently underway to replicate these preliminary results (ClinicalTrials.gov Identifier:
NCT00141947).

12.6 Conclusions and Future Directions

Despite increases in our understanding of the pathophysiology and environmen-
tal and genetic influences, etiology oriented treatment of schizophrenia remains an
elusive goal. The evidence of the “stressed brain” together with neurodegeneration
(apoptosis, oxidative stress, excitotoxicity, stress sensitization, neurotrophic factor
expression, and alteration of neurosteroids) in the pathophysiology of schizophrenia
suggests that there may be treatment opportunities using neural protection. Beyond
the use of antipsychotic agents, it will be of interest to examine whether agents
that demonstrate neuroprotective properties in preclinical studies may prove to have
neuroprotective effects in schizophrenia. In recent years several potential neuropro-
tective compounds for treatment of schizophrenia patients were investigated. There
are at least three steps for searching and testing neuroprotective agents in clinical
practice:

1. searching for candidates with neuroprotective properties using findings from
basic research studies;
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2. assessment of safety and efficacy of suitable candidates for augmentation to
antipsychotic therapy in “add-on” randomized, double-blind, placebo-controlled
studies; and

3. assessment of safety and efficacy of promising compounds in randomized,
double-blind, placebo-controlled multicenter studies.

Clinical trials for the evaluation of neuroprotective agents pose unique chal-
lenges in terms of experimental design and data interpretation [89]. There are many
methodological issues that have limited the clinical application of therapies that
have shown effectiveness in various animal models of acute neurodegeneration.
Inadequate preclinical pharmacological evaluation is most likely a major drawback
[327]. In order to generate meaningful results, clinical trials on neuroprotective
agents should ideally be designed to minimize the potential for bias and optimize the
ability to detect the neuroprotective effect of a therapeutic intervention in as short a
time as possible. Key issues for the design of clinical trials of neuroprotective ther-
apies include identifying appropriate endpoints and determining the ideal timing of
the intervention.

Pharmacotherapy needs to be thoroughly integrated with neuroprotection strat-
egy, which may be a useful paradigm for the treatment of schizophrenia patients.
Neuroprotection therapy may putatively have a significant impact on the sub-
sequent course and outcome of schizophrenia. Several potential neuroprotective
compounds, representing a wide range of mechanisms, are available and merit
further investigation in schizophrenia.
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