NEUROLOGICAL PROGRESS

Neurobiology of Schizophrenia

Godfrey D. Pearlson, MD*

Schizophrenia is a common chronic and disabling brain disease of unknown etiology, pathogenesis, and mechanism.
Whether schizophrenia represents a single disorder of markedly variable expression or a family of clinically related
disorders is unclear. 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. The inherited biological susceptibility to schizo-
phrenia is probably expressed clinically as nonpsychotic abnormal personality traits, plus numerous biological markers
(cognitive, anatomical, and psychophysiological) that are all found significantly more commonly in the population than
is schizophrenia. Neuropathological studies suggest that schizophrenia may be a neurodevelopmental disorder, charac-
terized by reduced neuropil, with no evidence for ongoing cell death. A hypothesized mechanism for these changes
involves cell migrational abnormalities occurring in the fetal brain. Schizophrenia is also distinguished by biochemical
abnormalities involving the dopamine, GABA, and glutamate systems, and NMDA and nicotinic receptors. Structural and
functional brain imaging studies suggest both global and regional abnormalities as well as “disconnections” of specific
cerebral circuits. Despite the lack of knowledge regarding pathophysiology, there are reasonably effective treatments for
schizophrenia. As the neurobiology of the disorder is unraveled, more effective, targeted treatments will become available.
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Clinical and Diagnostic Features

A clinical diagnosis of schizophrenia is based on behav-
ioral observations and self-reported abnormal mental
experiences. Because schizophrenia has neither patho-
gnomonic symptoms nor biological markers, the diag-
nosis is determined by ruling out the possibility of
other psychiatric and neurological disorders. Defined
in this manner, diagnosis is reliable but of unclear va-
lidity. Following Hughlings Jackson’s suggestion for
neurological disorders, symptoms of schizophrenia are
conventionally divided cross-sectionally into “positive”
and “negative” types. Positive symptoms cause acute
problems but may persist. They include delusions
(fixed false beliefs that are idiosyncratic to the person’s
culture and impervious to rational refutation), halluci-
nations (realistic sensory perceptions that are not gen-
erated by stimuli outside of the subject experiencing
them), “thought disorder” (difficulties generating co-
herent verbal expression), and bizarre behavior (eg,
wearing an aluminum foil helmet to prevent theft of
one’s thoughts). Secondary depressive symptoms are
not uncommon. “Negative” symptoms include emo-
tional flattening; social withdrawal; apathy; impaired
judgment; poor initiative, motivation, and drive; lack
of insight; difficulty in planning; impaired problem
solving and abstract reasoning; and decreased concern
for personal hygiene. “Deficit” symptoms constitute se-

vere, primary, enduring negative symptoms. Diagnosis
requires a history of longitudinal deterioration in func-
tion (work, interpersonal relationships, or self-care). A
duration criterion of at least 6 months is required in
DSM-IV.!

Traditional clinical subtypes are constructed by iden-
tifying symptoms that commonly co-occur. The current
DSM-1V classification includes five subtypes: paranoid,
disorganized (hebephrenic), catatonic, undifferentiated,
and residual, defined by predominant cross-sectional
symptoms. However, the longitudinal stability of these
subtypes is poor.

The disorder has marked gender differences in risk
and clinical expression that remain unexplained. Women
are more likely to have an affected family member, to
experience more positive and affective symptoms, and to
have better treatment response. Men have more negative
symptoms, earlier onset, and worse long-term outcome.”

Some evidence for the boundaries of the schizophre-
nia spectrum comes from studies of Kendler, who con-
cluded that schizophrenia shares a familial predisposition
with several clinical syndromes, including schizoaffective
disorder, schizotypal personality disorder, and probably
psychotic affective illness.” This suggests the possibility
of clinical and perhaps genetic overlap between certain
forms of affective illness and schizophrenia.
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Epidemiology

Schizophrenia has about 1% population prevalence and
occurs in all cultures and socioeconomic groups.4 De-
veloping nations may have slightly higher incidence re-
mission rates,”® but the latter may be an artifact of
lesser environmental complexity or more social sup-
port. It usually manifests clinically in the late teens or
early adult life. There is a slightly increased population
prevalence of schizophrenia in individuals born in ur-
ban environments. The peak onset age in males is be-
tween 15 and 25 years, onset in women being delayed
by approximately 3 to 5 years, with ultimate equal male/
female prevalence. Up to 50% of patients with schizo-
phrenia attempt suicide, and 10% ultimately succeed.
This is an expensive mental disorder, because onset is in
carly adulthood and it is often chronic and disabling but
not fatal. Comorbid substance abuse is common.

Long-Term Outcome

A small percentage of patients have a single episode
with no residual impairment.7 Reviews of long-term
outcome studies suggest that about 30% of patients
have a good outcome, represented by one or several
episodes of acute positive symptoms with minimal or
no residual impairment. Approximately 30% of pa-
tients have moderate but stable impairment (due to
deficit symptoms) after their first episode of acute ill-
ness but without a progressive increase in deficit symp-
toms. Unfortunately, the remaining third of patients
have persisting, progressive deficit symptoms causing in-
creasing impairment, without return to baseline. Previ-
ously, these patients were most likely to have remained
in chronic state hospital facilities. With deinstitutional-
ization, however, they are more likely to become home-
less or to be jailed.

As patients with schizophrenia age, cognitive deficits
(see later) may accumulate; in some studies, more than
50% of aged patients meet criteria for dementia.®’
The cause of such severe cognitive impairment remains
unknown, but the overall cognitive profile, neuro-
pathological and biochemical features of Alzheimer’s
disease or vascular dementia, is not seen in elderly
schizophrenic patients. There is no increased risk for
Alzheimer’s disease in elderly schizophrenic patients.

Neurological Abnormalities

Despite the extrapyramidal side effects resulting from
drugs used to treat schizophrenia, it is now clear that
nonfocal, so-called soft neurological signs (eg, sponta-
neous dyskinesias) as well as focal abnormalities are ev-
ident in many untreated first-episode individuals, as well
as a proportion of those at-risk for schizophrenia.'®!'

Cognitive Abnormalities
Cognitive function in schizophrenia is characterized by
a background of generalized impairment (IQ is gener-

ally a standard deviation lower than expected), with
poorer performance on attentional, memory, abstrac-
tion, spatial working memory, and executive func-
tions.'? Functioning on tasks that require complex
contextual information to be held on-line and used
consistently is especially impaired.

These deficits are present at the onset of illness, per-
sist despite clinical improvement, and are not con-
founds of emotional or motivational problems, drug-
induced sedation, or prior institutionalization.'®> Some
prominent cognitive deficits seem related to abnormal
frontotemporal interactions.'? Supportive evidence is
the fact that frontal lobe injuries (particularly of the
dorsolateral prefrontal cortex [DLPFC]) in adult life
can mimic the “deficit syndrome” of schizophrenia and
impair cognitive tasks involving working memory and
set-shifting.

Neuropathology

Both nonspecific and focal neuropathological changes
are seen in schizophrenia. Cortical thickness and over-
all brain weight are approximately 5% less on average
in patients with schizophrenia, with modest ventricular
enlargement. No whole-brain survey has been carried
out using any pathological technique; thus, generaliz-
ability of locally identified abnormalities is poorly doc-
umented. The neuropathology of schizophrenia is one
of subtle changes in cellular architecture and brain cir-
cuitry, none of which is diagnostically specific. Neuro-
pathological studies provide strong evidence against a
neurodegenerative pathogenesis of schizophrenia and
some support for prenatal development abnormalities.'*

Akbarian and colleagues examined glial guideposts
that help guide neurons migrating to the fetal cortex,
leaving detectable traces in the white and gray matter
of the adult cortex.”® In cadaver brain samples taken
from subjects with and without schizophrenia, special-
ized staining revealed that these glial remnants were
distributed differently in schizophrenia, with an excess
number in white matter and a paucity in cortex, for
the frontal and temporal areas examined. Akbarian’s
group interpreted these data as consistent with a devel-
opmental subplate disturbance, in which the normal
pattern of programmed cell death is disrupted and ac-
companied by defective neuronal migration toward the
cortical plate.

Normally, local circuit neurons in the prefrontal cor-
tex that contain the inhibitory neurotransmitter y-amino-
butyric acid (GABA) differentially regulate the activity of
pyramidal cells, the principal type of excitatory output
neurons, and receive direct input from dopamine neu-
rons. Lewis showed that a subclass of prefrontal GABA
axon terminals (from chandelier cells) is selectively al-
tered in patients with schizophrenia.l(’ Parallel studies
from the same group show that prefrontal cortical neu-
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ronal connectivity of these cells is substandally refined
during adolescence.

The prefrontal cortex (and likely other cortical areas)
in schizophrenia are characterized by modest thinning,
a downward shift in neuronal sizes accompanied by an
increase in small neuron density, without change in
overall neuron number.!” Synaptic connections either
are reduced in number or abnormal.'

As noted by Johnstone and associates, potential prob-
lems arise with neuropathological studies in schizo-
phrenia because the disease occurs early in life but is not
fatal, so patients are likely to be old and perhaps
chronically institutionalized at death. This leads to dif-
ficulties with retrospective clinical characterization and
incidental age-related findings obscuring the essential
illness pzlthology.18 Artifacts could result from years of
poor diet, self-neglect, concomitant substance abuse,
and effects of medication treatment. Newer brain im-
aging techniques (see later), particularly those used at
the time of onset of illness, can help overcome some of
these difficulties.

Psychophysiological Changes
Eye-tracking dysfunction occurs in about 50% of pa-
tients with schizophrenia and is not an artifact of psy-
chotic state, inattention, or treatment with antipsy-
chotic drugs.w’20 It involves primarily an impairment
of smooth pursuit eye movements, with additional sac-
cadic problems. These changes are not localizable to
any single brain region but are believed to represent
abnormal interactions between the frontal eye fields
and the temporal and posterior parietal regions.
Event-related potential (ERP) abnormalities in
schizophrenia are a robust finding, particularly in the
auditory modality, consistent with severe disruption of
temporal cortex auditory processing from the earliest
stages through higher-order language processing. Sev-
eral basic ERP paradigms have been used to explore
patients with schizophrenia, including the P50 and
P300.2"** Abnormalities of the P50 represent a failure
of inhibition at very early stages of auditory processing.
This sensory gating takes place in medial temporal lobe
structures and is enhanced by nicotinic cholinergic
mechanisms. There are claims that the abnormal P50
in schizophrenia may be linked to the a7 nicotinic re-
ceptor.23 The P300 ERP is a late-occurring “surprise
wave” obtained in response to infrequent, task-relevant
stimuli. It is abnormal in first-episode schizophrenic
patients, those withdrawn from medication, and those
who have had a clinical improvement. The auditory
P300 wave in schizophrenia is reduced in amplitude
and abnormal in topographic asymmetry, with the lat-
ter finding differing from that in psychotic bipolar pa-
tients.** Severity of the P300 abnormality is linked to
the degree of reduction of gray matter volume, specif-
ically in the left posterior superior temporal gyrus,
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which is disproportionately smaller in schizophrenia
and likely related to fundamental symptoms of audi-
tory hallucinations and language disorder.*?

Functional and Structural Brain Changes

Structural Changes

Modern neuroimaging techniques have shown that vir-
tually every brain region is affected in schizophrenia.**
Both chronic and first-episode, unmedicated patients
show widespread, if small, alterations in ventricular size
and cortical gray matter. Such global brain changes do
not appear to be bimodally distributed within schizo-
phrenia, suggesting a graded phenomenon affecting all
patients rather than subtypes. Compared with the ap-
proximately 5% overall gray matter alterations, schizo-
phrenic patients manifest more disproportionate local
brain changes, generally in the range of 15%, in the
mesial temporal, temporal neocortical, prefrontal, and
parietal regions, with possible alterations in thalamus,
basal ganglia, and cerebellum.**

Many of the prominent volume changes and asym-
metry disturbances in schizophrenia may lie within the
heteromodal association neocortex, a highly organized
and interconnected neocortical system that includes the
planum temporale (PT), DLPFC, Broca’s area, and in-
ferior parietal lobule (IPL).>

Functional Changes

Functional imaging data with positron emission to-
mography (PET) and functional magnetic resonance
imaging (MRI) activation with a variety of cognitive
probes suggest that the pathophysiology of schizophre-
nia reflects aberrant activity in, and integration of, the
components of distributed circuits involving various
neocortical, limbic, and subcortical structures, espe-
cially in coordination of heteromodal association corti-
cal circuits that play a major role in the selection, ini-
tiation, and monitoring of self-generated mental
etctivity.26 For example, regional cerebral blood flow
studies carried out during performance of a set-shifting
task reveal that patients with schizophrenia have prob-
lems in properly activating a fronto-hippocampo-
parietal circuit normally accessed by healthy controls in
performing this task.

Functional imaging studies employing different de-
signs have examined cerebral activity associated with
the occurrence of auditory hallucinations.”®?” The
agreement between these various studies is low, with
reports of pathological activity in left Broca’s area, me-
dial temporal lobe, superior or middle temporal gyrus,
orbitofrontal cortex, ventral striatum, and thalamus.
Deficit symptoms appear to be more correlated with ab-
normal (reduced) activity in frontal and parietal cortex.

Few direct schizophrenia/bipolar comparisons of
structural brain change have been carried out to assess



specificity of changes. Specific regional changes associ-
ated with schizophrenia may include disturbed brain
asymmetries and changes in entorhinal/parahippocam-
pal cortex.”8

Neurochemical Abnormalities

Neurochemical studies in schizophrenia have focused
on several major neurotransmitter systems—dopamine,
serotonin, GABA, and glutamate.

Dopamine and Serotonin Systems

The dopamine hypothesis of schizophrenia is based pri-
marily on pharmacological evidence, that dopamine
agonists provoke or exacerbate positive symptoms and
that all known drugs used to treat schizophrenia are
dopamine antagonists. Also, for conventional neurolep-
tics, there is a proportional relationship between the
average clinical antipsychotic dose and the in vitro dis-
sociation constant at the dopamine D2 receptor.29 Do-
pamine abnormalities in schizophrenia likely involve
the mesolimbic and mesocortical rather than the nigro-
striatal dopamine system, which is more relevant to ex-
trapyramidal side effects inadvertently caused by dopa-
mine receptor-blocking drugs.

Postmortem chemical data document increased
numbers of basal ganglia dopamine receptors in schizo-
phrenia, but it was unclear whether these were effects
of illness or merely artifactual, treatment-related ho-
meostatic changes caused by neuroleptic-induced dopa-
mine receptor blockade. In vivo neuroreceptor PET
studies in first-episode, never-treated individuals have
addressed this question. Laruelle reviewed the results of
15 brain imaging studies comparing indices of dopa-
minergic function in drug-naive or drug-free patients
with schizophrenia compared with healthy controls and
concluded that schizophrenic patients possess a signif-
icant but mild and variable elevation of D2 receptor
density parameters.”’® SPECT studies of presynaptic ac-
tivity reveal an increase in dopaminergic transmission
in response to amphetamine challenge. It has been sug-
gested that neurocognitive difficulties in schizophrenia
may be related to reduced dopaminergic activity in pre-
frontal cortex. Dopamine systems in the temporal lobe
and in most neocortical areas are poorly explored in
schizophrenia. It is feasible that schizophrenia is asso-
ciated with dopamine dysregulation—subcortical dopa-
mine overactivity coexisting with frontal dopamine un-
deractivity. There are at least five known types of
dopamine receptors, with varied cortical and subcorti-
cal distributions. The genes coding for these receptors
are candidate genes both for schizophrenia and for
drug treatment response variability.

The involvement of serotonin (5-hydroxytryptamine
[5-HT]) dysfunction in the pathophysiology of schizo-
phrenia has been the focus of much research in the
past decade, especially since atypical/novel neuroleptic

drugs are high-affinity antagonists for the serotonin
5-HT2A receptor. Serotonin inhibits dopamine func-
tion at both midbrain nuclei and terminal dopaminer-
gic fields, so that serotonergically active drugs may act
secondarily by modulating dopaminergic activity.”'

NMDA and Glutamate

Alterations of N-methyl-D-aspartate (NMDA)/gluta-
mate function may be relevant to the pathophysiology
of the disease.’*>> The NMDA receptor, a subtype of
excitatory amino acid receptor, has been implicated in
crucial physiological processes such as synaptogenesis,
learning, and memory. The NMDA hypothesis derives
from actions of NMDA antagonists such as phencycli-
dine and ketamine that can reproduce some symptoms
of schizophrenia in normal individuals, while NMDA
receptor coagonists (eg, the glycinergic agents, glycine,
serine, and cycloserine) may provide modest improve-
ment of deficit symptoms.

GABA

GABA, an inhibitory neurotransmitter, may play a role
in schizophrenia, and functional links may exist between
GABA-ergic and dopaminergic neural systems.%’35
Some studies have found abnormal GABA-ergic activity
in the anterior cingulate and hippocampus in schizo-
phrenia, while postmortem studies have shown an in-
creased number of GABA receptors in the brains of
schizophrenic patients.

Schizophrenia as a Developmental Disorder
Despite its clinical onset in young adulthood, the neu-
ral abnormalities of schizophrenia are hypothesized to
occur early in brain development for the following rea-
sons: epidemiological evidence of an association with
pregnancy, obstetrical, and prenatal abnormalities; evi-
dence of childhood behavioral and neurological abnor-
malities prior to adult onset of the disorder; patholog-
ical and neuroimaging evidence consistent with early
developmental brain defects (disturbed brain asymme-
tries and abnormalities of sulcogyral patterns); and de-
velopmental defects in associated structures (eg, cranio-
facial) of ectodermal origin.36 There is also an absence
of evidence of neurodegeneration, in that gliosis is not
identifiable.

According to Weinberger’s influential conceptualiza-
tion, schizophrenia is a neurodevelopmental disorder in
which a fixed brain lesion acquired early in life inter-
acts with normal maturational events that occur much
later: “The lesion itself is static but its effects on neu-
rologic function change. . . . If a lesion affects the brain
structure or region that has yet to mature functionally,
the effect of the lesion may remain silent until that
structure or system matures.””” Addenda to this con-
cept are, first, that the lesion may be evident in subtle
form before the onset of obvious clinical illness, and,
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second, that because brain development occurs over a
much more protracted period than previously realized
(especially heteromodal in regions), with extensive re-
modeling and pruning of neural connections occurring
through adolescence and into early adule life, schizo-
phrenia may become clinically obvious only as these
processes continue.

Several recent studies have revealed subtle abnormal-
ities in the behavior of children who were diagnosed as
suffering from schizophrenia as adults. One retrospec-
tive study revealed social and neurological abnormali-
ties in subjects with adult-onset schizophrenia, from

home movies taken when they and their siblings were
children.?®

Perspective Studies
Whole-population longitudinal cohort developmental
studies address many of the retrospective and sampling
biases inherent in cross-sectional and retrospective
studies.>” %! Crow and Done followed up on all of the
more than 15,000 children born in the United King-
dom in 1 week in March 1958. Subjects were tracked
from their mother’s pregnancies up until the present
time, by health visitors, school nurses, doctors, teach-
ers, mothers, and self-ratings. Socially, individuals (es-
pecially boys) who experienced schizophrenia as adults
were already rated by teachers at age 7 years as mani-
festing more maladjustment than peers; preschizo-
phrenic girls were rated as more withdrawn and de-
pressed at age 11.%° IQ was 5 to 10 points lower than
expected, and the children were reading impaired at
ages 7, 11, and 16 years. Neurologically, these children
showed delayed development of handedness preference
at age 11.4

A complementary approach is to focus longitudinal
studies on persons at increased genetic risk for the dis-
order. Neurocognitive deficits (especially impaired at-
tention) are the best-identified candidates for suscepti-
bilitcy markers for schizophrenia, with oculomotor
dysfunction also showing promise, although relatively
few eye movement dysfunction studies have been car-
ried out in children.*®

Although multiple neurodevelopmental processes
could be responsible, including neuronal formation
and migration, axon formation, dendritic proliferation,
synapse formation, myelination, and pruning, the rele-
vant pathological developmental processes for schizo-
phrenia remain obscure.

Schizophrenia as a Degenerative Disorder

DeLisi and others have claimed that clinical onset of
schizophrenia is followed by a continuing, active neu-
rodegenerative process in either all patients or a signif-
icant subgroup.42 It is possible that deterioration oc-
curs only in a subgroup of schizophrenic patients. The
few relevant neuroimaging studies do not provide un-
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equivocal evidence for this hypothesis, since many are
cross-sectional and not all employ suitable controls.
The timing of neurodegeneration, if present, is un-
known.

A progressive developmental mechanism active into
adult life can reconcile the neuropathological and im-
aging data while being compatible with both early
onset and late deterioration in schizophrenia.43 Thus,
schizophrenia may be both “neurodevelopmental” and
“progressive” without necessarily being degenerative.

Schizophrenia as a Genetic Disorder

Schizophrenia is clearly in part a genetic disorder in
that it “runs in families.” Family, twin, and adoption
studies show that relatives of schizophrenic patients
have a higher risk of illness compared with the 1%
general population rate, correlating with their degree of
genetic relationship, and that there is an excess of
schizophrenia in adopted-away offspring of schizo-
phrenic parents. There is also higher concordance for
schizophrenia in monozygotic (MZ) compared with
dizygotic (DZ) twins, with respective rates being ap-
proximately 50% and 15%.

It is also clear that classic mendelian genetic models
fail to fit the disorder. For example, concordance is
neither 100% for MZ twins nor 50% for DZ twins,
and, as noted by Tsuang, the concordance rate in DZ
twins is not half of that in MZ.% Additionally, the
offspring of unaffected discordant MZ twins have the
same (15%) risk of transmitting the disorder to their
children as affected MZ twins, and the risk for a child
with two schizophrenic parents approximates 45%
rather than 100%.% A single major locus model for
the inheritance of schizophrenia is not tenable, and
complex segregation analysis, pedigree analysis, and
path analytic approaches have not been able to resolve
this. Despite several promising leads, there has not yet
been a definitive association of a gene variant with the
illness. As reviewed by Pulver, genetic linkage analysis
or association studies comprising large family datasets,
multiple genetic markers, and sophisticated statistical
marker analysis will be required to unravel the under-
lying genetic picture.46

What Are the Risks of Genes?

Lack of success of traditional genetic models has en-
couraged new perspectives on what might constitute
schizophrenia risk genes. Proposals include no gene of
major effect but multiple genetic loci of modest effect,
which are epistatic (interactive), in combination yield-
ing a true cumulative risk for the disorder. Whereas the
disease alleles in single gene disorders such as cystic fi-
brosis and Huntington’s disease increase the risk of ill-
ness by 500 and 5,000 times, respectively, susceptibil-
ity alleles in schizophrenia may increase risk by as little
as 2 or 3 times. Other proposed etiological models in-



clude a genetic predisposition, “psychosis proneness”
interacting with one or several environmental factors
acting during brain development.44’46 As in Alzhei-
mer’s disease, differing susceptibility genes among sam-
ple populations (multiple genetic paths) may converge
on a common phenotype.

While these examples may appear unduly intricate, it
is helpful to bear in mind that similar complex inher-
itance models are hypothesized for type 2 diabetes, hy-
pertension, and obesity.

The inheritance of schizophrenia is also possibly
complicated by incomplete penetrance, etiological het-
erogeneity (with the probability of phenocopies), and
pleiotropic effects (eg, a single genotype with multiple
expressed phenotypes, such as in Marfan’s syndrome or
osteogenesis imperfecta).44’46’47 The likelihood of phe-
notypic heterogeneity, with many mild, “spectrum,”
nonpsychotic carriers of the involved genes, has moti-
vated a fresh look at the boundaries of the clinical dis-
order.

Phenotypic Definition

One major stumbling block for researchers may be the
definition of disease phenotype. One tendency has
been to further subtype schizophrenia, such as to sep-
arate out that 15 to 20% of schizophrenics (80-90%
of whom are male) who have pronounced deficit symp-
toms.?” This approach is useful, but it may select one
extreme of severity of a particular cluster of symptoms.
Another approach has been to widen the phenotypic
definition considerably. It is possible that the number
of individual risk genes in schizophrenia must exceed a
threshold level for full clinical expression and that sub-
clinical expression is common, resulting in clinical phe-
nomena such as schizotypal personality disorder. Thus,
although the classic clinical picture of schizophrenia
with delusions and hallucinations can be vivid, one
contributing factor to the failure to identify a schizo-
phrenia susceptibility gene may be that the classic
symptom-based disease phenotype is too narrowly de-
fined and too heterogeneous and, as noted earlier, that
clinical subtypes are not stable over time.

An analogy might be that hypothetical clinicians at-
tempting to define the phenotype of type 2 diabetes,
who include as “diabetic” only those severely affected
individuals with the characteristic nephropathy and ret-
inopathy, while missing both many mildly affected
cases of the disorder and the underlying concept of in-
sulin resistance.

Biological Markers

Such caveats have led multiple researchers to propose
the employment of heritable physiological or neurobi-
ological traits correlated with the disease as the pheno-
type. Such intermediate or “endophenotypes,” some-
times referred to as “epigenetic’ phenomena or

“biomarkers,” are proposed to have the utility of sim-
plicity, higher penetrance, improved operational defini-
tion, and more objective diagnosis.44’48 Ideally, too,
they exhibit greater reliability and validity and repre-
sent features closer to the relevant genes of interest.
Specific endophenotypes may implicate candidate
genes (those genes suspected to be involved on prior
physiological grounds). Redefinition of the phenotype
may be furnished by certain of the biological abnor-
malities reviewed below, features that may be more
closely allied to the relevant underlying pathophysiology
and genetic etiology than to clinical phenomenology.

Given the number of biological abnormalities iden-
tified in relatives of patients with schizophrenia who
themselves do not have the chronic illness, it is likely
that a proportion of relatives classified as unaffected in
fact carry one or more pathogenic genes.48’49 Extend-
ing the earlier analogy, just as nondiabetic first-degree
relatives of diabetics are more likely than average to
demonstrate elevated fasting blood glucoses and steroid
or pregnancy-related hyperglycemia, multiple studies
show a higher than expected prevalence of several bio-
logical and personality abnormalities in nonschizo-
phrenic first-degree relatives of schizophrenia patients.

These abnormalities include the same or milder
forms of alterations seen in patients. For example,
Holzman, Levy, and others have investigated the pro-
portion of eye tracking dysfunction, which they iden-
tify as a “cofamilial” or “enriched” trait.!?2*8>%51
This finding occurs in approximately 50% of schizo-
phrenics, a large proportion of unaffected first-degree
relatives, and discordant identical twins. Hence, re-
searchers have begun to define biological markers that
“may be more reliably related to the genotype than the
clinical features.”#®>%>3

An emerging consensus among investigators is that
the most useful candidate biological markers for schizo-
phrenia are those that are more frequent in patients
than control populations; that are stable over time and
insensitive to age, gender, and medication status; that
are more frequent in nonschizophrenic members of
multiply affected families than control populations
(and in high-risk individuals); and that tend to segre-
gate with schizophrenia and spectrum disorders in mul-
tiply affected families.

Possible candidates for biological markers (Table)
include abnormalities on structural neuroimaging,
cognition (especially impairment in sustained at-
tention), neurological examination, eye-tracking,
event-related potentials, and minor physical anoma-
lies,10:12:2449 515455 aies that apart from the last
mentioned appear to normally be under genetic con-
trol (eg, in twin studies).

Other recent studies have focused on presumed “ob-
ligate carriers,” individuals who appear to be transmit-
ting the liability to schizophrenia without themselves
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Table. Major Candidates for Biological Markers in Schizophrenia

Abnormal in

First- Persons at High
Degree Risk or
Finding Schizophrenia Relatives® Preschizophrenics
Brain neurochemical abnormalities (seen on PET/SPECT, MRS, 24, 30 56, 57
or in vitro)
Abnormal functional brain activation patterns 26, 56 58
Structural neuroimaging differences 24,28 49,59 24, 55
Schizotypal or schizoid personality features® N/A 3, 60 61
Peculiar word use, language abnormalities N/A 62, 63, 64 39
Cognitive abnormalities (eg, spatial working memory, attention) 12 65, 66, 67 36, 40, 61
Neurological abnormalities 10, 11, 13 68, 69 38
Eye-tracking differences 20, 50 19, 20, 21,51 36
Event-related potential changes (P50, P300) 22,23,70 21,23

Although not an exhaustive listing, most of the measures listed here are reported to be significantly more prevalent in patients with schizophrenia,
their nonschizophrenic first-degree relatives, and young persons genetically at high risk for schizophrenia, than in the general population.

“Includes discordant twins and obligate carriers.

"May represent intermediate, subdiagnostic variant of a symptom that occurs in schizophrenia.

manifesting the full-blown clinical disorder. An exam-
ple is the parent of a child with schizophrenia, who
does not have the disorder himself or herself but who
has a schizophrenic parent or sibling. Compared with
their remaining relatives and normal controls, such
presumed obligate carriers have lateral ventricular en-
largement on brain MRI scans that is similar to that of
patients with schizophrenia and similar reversals of
normal cerebral asymmetries.

A higher than expected proportion of relatives of pa-
tients with schizophrenia suffer from schizotypal, schiz-
oid, and paranoid personality disorders. Personality dis-
orders in general are defined as enduring patterns of
experience and behavior that deviate markedly from
cultural expectations. Schizotypal personality disorder
(SPD), the condition most studied by schizophrenia re-
searchers, is defined by DSM-IV as a pervasive pattern
of social and interpersonal deficits marked by discom-
fort and difficulty with close relationships, cognitive or
perceptual distortions, behavioral eccentricities, ideas of
reference (excluding delusions), odd beliefs (eg, in te-
lepathy) and unusual perceptual experiences.' Although
several elements of SPD overlap with schizophrenia
(Fig), these individuals lack hallucinations, delusions,
or disordered speech. SPD also occurs outside of fam-
ilies containing schizophrenic individuals, with an
overall population prevalence of 5 to 10%. Individuals
with SPD, like first-degree relatives of schizophrenics
(only some of whom have SPD), have a high preva-
lence of the biological abnormalities noted earlier. For
example, like schizophrenic patients, SPD subjects
show increased rates of asymmetrical P300 topogra-
phy with smaller left temporal amplitudes, as well as
ventricular enlargement on MRI scans and deviant
eye tracking.zo’21 Thus, they likely represent either a
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Neurochemistry

Fig. Clinical schizophrenia (SZ) is depicted as the result of an
accumulation of associated biological vulnerability factors (plus
environmental risks; not shown). Schizotypal personality disor-
der (SPD) is known to share several biological vulnerability
markers with schizophrenia, as shown. The extent of such
overlap between schizophrenia and SPD is not known for the
functional imaging and neurochemical abnormalities found in
the former. For schizophrenia, the association of the latter two
markers with each other is also unknown. ERP = event-
related potential.

partially penetrant form of the disorder or the result

of an aggregation of risk genes insufficient for clinical

schizophrenia to be expressed in the absence of a “sec-
- »69

ond hit.

Interestingly, SPD may also represent one example



of a “bridge” between continuous phenomena, such as
personalities and their associated traits, and “all or
none” categories such as schizophrenia.

An obvious question is the clustering of these various
hypothesized biological vulnerability markers for
schizophrenia in schizophrenic patients, in their first-
degree relatives, and in other family members. As
noted by Murray and co-workers, if the disorder were
transmitted by a single or dominant gene, one would
expect biomarker uniformity.“’52 Several studies to
date have examined the relationship between eye move-
ment abnormalities and P300 latency in schizophrenic
probands and have found no clear associations.?®

Some endophenotypes have already been linked to
possible gene markers. Abnormal P50 auditory-evoked
potential gating, found in about 50% of the first-
degree relatives of schizophrenic patients, may be
linked to a region of chromosome 15, coding for the
a7 nicotinic receptor.23 Eye-tracking abnormalities
may be linked to a region of chromosome 6.1

Thus, observations in first-degree relatives are also
supportive of a multigene defect model, where various
genes of modest to low effect need to combine with
environmental factors for schizophrenia to emerge.44’46

Environmental Factors

The search for environmental risk factors has focused
mainly on perinatal complications and prenatal expo-
sure to the influenza virus. As reviewed by Cannon,
since genetic factors are estimated to account for
roughly 50 to 80% of liability, the magnitude of
unique environmental contributions is unlikely to be
large. If schizophrenia is a “two-hit” disorder, obstetric
and perinatal factors are the best candidates for the sec-
ond, nongenetic “hit.””" The best candidates for preg-
nancy complications include maternal influenza infec-
tion and rhesus hemolytic disease. Obstetric influences
may be relevant only in association with an existing
genetic predisposition to schizophrenia, perhaps leaving
the at-risk fetus more vulnerable to neurotoxicological
consequences of oxygen deprivation as a final common
path for these events.

The wviral hypothesis of schizophrenia has been
around for many decades.”? Rubella studies illustrate
that intrauterine viral infections can cause seasonal
birth patterns and can have damaging effects on fetal
development. In general, results of epidemiological
studies have been inconsistent. There is a modest effect
of season of birth: Kinney and others reviewed multi-
ple studies and concluded that they are consistent with
an approximately 5% excess birth of patients with
schizophrenia during December to May.73

Susser and associates studied effects of the Dutch
“Hunger Winter” of 1944-1945, when the population
of the western Netherlands underwent a severe famine.
As well as periconceptional nutritional deficiencies (cal-

ories, vitamins), women pregnant at this time also in-
gested possibly toxic food substitutes (eg, tulip bulbs).
Males so exposed had a double relative risk of spina
bifida. Subsequent follow-up reveals the relative risk
for both schizophrenia and schizoid personality disor-
der in young adults whose mothers were pregnant
during this time is also double that expected in both

males and females compared with matched unexposed
birth cohorts.”*

Treatments for Schizophrenia

Kane underlined the point that despite an unclear etio-
pathology, there are fairly effective treatments for
schizophrenia.”” There is a need for a more fundamen-
tal understanding of the neuroscience of schizophrenia
so that new, specifically targeted medications can be
designed.

For “classic” neuroleptic drugs that mainly block do-
pamine D2 receptors, antipsychotic efficacy requires
approximately 75% D2 blockade. At higher drug
doses, at which receptor occupancy exceeds around
85%, patients generally show signs of extrapyramidal
side effects, including parkinsonism.*” These drugs in-
crease prolactin levels and can cause tardive dyskinesia,
a syndrome best conceptualized as late-occurring,
sometimes irreversible, involuntary movement disorder,
likely due to chronic blockade-induced dopamine re-
ceptor supersensitivity.

Atypical Neuroleptics

Atypical antipsychotics, typified by clozapine, are more
powerful blockers of dopamine D4 receptors than D2,
and have more propensity to block serotonin 5HT2
receptors. Maximum D2 dopamine blockade, even at
high doses of clozapine, is approximately 35%. Cloza-
pine is the only drug that has consistently demon-
strated superiority in treatment of schizophrenic patients
who have not adequately responded to conventional an-
tipsychotic drugs.””> However, clozapine has its own ad-
verse side effects, most notably an incidence of agran-
ulocytosis of around 1%. Newer atypical drugs, such as
risperidone and olanzapine are now being vigorously
promoted as first-line treatment in schizophrenic pa-
tients, since, they have a much lower prevalence of ex-
trapyramidal side effects and appear to be less likely to
cause tardive dyskinesia. Intramuscularly administered
slow-release forms of some typical neuroleptics are
available for individuals who are more likely to comply
with biweekly or monthly injections than to take daily
oral medications. Psychosocial rehabilitation is a useful
adjunct to medication treatment.

Conclusions

What’s Still Unknown?

Schizophrenia is a common and frequently debilitating
disorder that is a significant burden in terms of cost as
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well as individual and family suffering. Despite its ap-
parent onset in young adulthood, it is now apparent
that schizophrenia has earlier behavioral antecedents
and there is suggestive evidence for its being a neuro-
developmental disorder. Recent data emphasize a fail-
ure of brain systems or circuits rather than isolated re-
gions. Although much research has focused on a single
region, the dorsolateral prefrontal cortex, the true re-
gional specificity (if any) of the neuropathology iden-
tified there, remains unclear.

Despite multiple biological abnormalities associated
with the disorder, a coherent picture that unifies the
disparate puzzle pieces into a generalized pathophysio-
logical abnormality has yet to emerge. Evidence is con-
sistent with a neurodevelopmental disorder resulting in
a subtle neuropathology that may interact with normal
brain development.

Despite many investigations, we have not as yet
identified a gene, a gene product, or even an undis-
puted, unique genetic locus associated with schizophre-
nia. However, the biological susceptibility to schizo-
phrenia is likely genetically transmitted and expressed
clinically as nonpsychotic schizotypal, paranoid, or
schizoid personality traits plus numerous biological
markers that represent modest defects (eg, deviant eye-
tracking, abnormal P300, enlarged ventricles). These
occur significantly more commonly in the general pop-
ulation than does schizophrenia. The underlying phys-
iological nature, extent of coinheritance, and associa-
tion of these biological markers, as well as their overall
population prevalence, remain only partly documented.
Which combinations of these genes and traits are suf-
ficient to lead to schizophrenia and which require an
additional, environmental “second hit” to do so re-
quires elucidation. We may, however, be left with a
picture of schizophrenia as conventionally defined as
the most severe tip of a much larger iceberg.

Psychosis Proneness and Specificity

Whether the same gene combinations leading to “psy-
chosis proneness” can confer vulnerability to the devel-
opment of affective disorders may challenge the speci-
ficity of schizophrenia. Studies from several large data
sets have considered the issue of overlap between
schizophrenia and psychotic affective disorder, and re-
ported higher than expected rates of psychotic affective
disorder in relatives of schizophrenic probands and vice
versa. Twin studies (although not adoption) provide
some indication of overlap between psychotic affective
disorder and schizophrenia. Linkage studies of schizo-
phrenia and bipolar disorder implicate overlapping
chromosomal regions.*>”*”” One of the two groups
reporting significant linkage to chromosome 13 has
found the evidence was strongest in the subgroup of
families in which relatives had psychotic affective dis-
order.*® Evidence for linkage in the same region of
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chromosome 13 has also been reported in bipolar dis-
order for 22 families, 15 of which contained subjects
with schizophrenia or schizoaffective disorder (an inter-
mediate diagnosis). Another group found evidence for
linkage in a subset of bipolar disorder families that are
heavily psychotic.77 Similar evidence for overlap,
though less strong, has been found on 22q.76

The disparities in the illness between men and
women provide us with important research directions,
including the study of interactions between the patho-
physiology and normal sexual dimorphisms in male
and female brains and the role of sex hormones in nor-
mal fetal and preadult brain development and regula-
tion of dopamine receptors.78

As stressed by Murray, there is general agreement
that schizophrenia represents a group of illnesses, but
how to split these apart defies any easy classification
scheme. Ultimately, we may depend on genetic mech-
anisms to aid in this regard, as in fact has happened
recently in both Alzheimer’s disease and triplet-repeat
disorders. Analogous interlocked biological processes
may underlie schizophrenia. We need to determine
when and where in development risk genes are ex-
pressed, as we need to for “second hits” or cofactors.

It is also possible that each distinct clinical feature or
endophenotype (eg, deficit syndrome, eye-tracking ab-
normalities) is associated with a separate genetic muta-
tion?” or variant. Determining how alleles increase risk
would be aided by a large-scale examination (ie, a
population-wide study) to examine both intraindi-
vidual prevalence and clustering of biomarkers such as
those in the Table. Estimates of clustering of these
measures within particular kindreds would be similarly
illuminating, while clarifying patterns of inheritance of
the endophenotypes themselves.

It is possible that the susceptibility alleles (eg, single-
nucleotide polymorphism [SNP]) associated with the
biomarkers are common variants rather than mutations
that disrupt the gene. These “risk factors” may be com-
mon variants that may be benign or even advantageous
in other combinations (James Joyce and Albert Ein-
stein both fathered children with schizophrenia).

The way forward for schizophrenia research over the
next decade is to identify vulnerability genes by focus-
ing on more clearly defined phenotypes in large-scale
collaborations. The National Institutes of Health have
a role in fostering this type of research.”® The role of
genes in central nervous system development needs to
be clarified, as does the question of whether defined
genes are associated with particular clinical features.
Such gene development will lead to novel, targeted
treatments through joint industry—academic partner-
ships. Dynamic brain imaging studies and diffusion
tensor imaging will be able to characterize the aberrant
connectivity in a manner that links clinical symptoms
more clearly to pathological brain states.®® Links be-



tween the various, seemingly disparate “puzzle pieces”
(eg, the discovery of dopamine/GABA-A coupling) will
ultimately lead to a coherent unified view of this dev-
astating illness.2"®* The development of rationally
based animal models, more effective treatment ap-
proaches, and improved preventive interventions for
this complex disease will follow.
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