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FIGURE 1.Darkfield photomicrograph of dopamine transporter-labeled axons in layer 6 of prefrontal cortex (area 9) from control
(left) and schizophrenic (right) subjects (calibration bar�200 lm). Note the clearly diminished density of dopamine axons in the
schizophrenic subject. (Adapted from Akil et al.1 Copyrighted 1999 American Psychiatric Association.)

FIGURE 2. Darkfield
photomicrographs of
the glutamic acid
decarboxylase (GAD)
mRNA-positive
neurons in deep layer 3
of prefrontal cortex
(area 9) from control
(left) and schizophrenic
(right) subjects
(calibration bar�150
lm). Note the
reduction in labeled
GABAergic neurons in
the schizophrenic
subject. (Adapted from
Volk et al.2

Copyrighted 2000
American Medical
Association.)
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Dementia praecox, as formally described by Emil
Kraepelin in 1898, is a devastating illness affecting

every aspect of life for the patient and the patient’s fam-
ily. Over the past century, theories of the cause of
schizophrenia have ranged from original sin to in utero
viral infection. Heritability patterns support a strong ge-
netic component, yet other factors are clearly involved.
Schizophrenia, as this illness is now known, affects 1%
of the population worldwide. In 1990, the socioeco-
nomic impact of schizophrenia in the United States
alone was $32.5 billion. These patients accounted for
25% of all hospital admissions and occupied 40% of all
long-term care beds.3,4

A vital part of fully understanding an illness is iden-
tification of the underlying pathology. Initially the
search for the biologic basis of schizophrenia focused on
changes in gross brain structure (macroscopic neuro-
pathology). Volumetric studies undertaken in recent de-
cades comparing normal subjects and individuals with
schizophrenia have shown considerable variability in
results.5,6 There is a consensus that the ventricles are
commonly enlarged. More subtle abnormalities have
been reported for many areas, including prefrontal cor-
tex, basal ganglia, thalamus, and hippocampus, but spe-
cific claims are controversial. No single brain region is
consistently abnormal in schizophrenia, and no pattern
of gross brain abnormalities has been identified that is
diagnostic of schizophrenia (see cover for a sagittal
T1- weighted magnetic resonance image of a 31-year-old
male with chronic paranoid schizophrenia). It may well
be, as suggested recently, that schizophrenia results
from “the cumulative effect of deviant brain structure.”7

Thus, schizophrenia may be the functional end result of
various combinations of brain abnormalities. More re-
cently the focus has shifted to seeking the abnormal
brain circuits that could account for the symptoms of
schizophrenia. This approach requires measures that
can be related to how brain regions function together as
parts of the circuits that support complex cognitive
functions. Widespread functional circuits can be studied
by detailed examination of individual areas and by
global examination of entire networks.
Many studies focus on the fine structure (microscopic

neuropathology) of brain areas implicated in schizo-

phrenia. Significant decreases in neuronal numbers
have been found in themedial dorsal and anterior nuclei
of the thalamus (parts of the thalamus with intimate
connections to prefrontal and limbic areas) and in the
nucleus accumbens (part of the basal forebrain).8 In the
anterior nucleus of the thalamus, the reductions are in
projection neurons rather than interneurons, suggesting
a decrease in thalamocortical transmission.9 Some stud-
ies have also reported decreased neuronal numbers in
the cingulate cortex, which is reciprocally connected to
these thalamic nuclei.10 Most studies have not found de-
creased numbers of projection neurons (pyramidal cells)
in the other major connection area considered important
in schizophrenia, prefrontal cortex.11 More subtle differ-
ences may exist between individuals with schizophrenia
and normal subjects in this area. For instance, several
lines of evidence, including those involving increased
neuronal density and decreased presynaptic proteins
(i.e., synaptophysin), are consistent with a decrease in
the density of synapses in prefrontal cortex.12

Alterations have been reported in several neurotrans-
mitter systems in this illness. Immunoreactivity for ty-
rosine hydroxylase—which is known tomark dopamine
(DA)-containing axons—and immunoreactivity for the
DA membrane transporter are both decreased in pre-
frontal cortex (see Figure 1).1 Several measures of the
gamma-aminobutyric acid (GABA) system are altered
in prefrontal cortex, as well. There may be a decrease in
inhibitory (GABAergic) interneurons.11,13 The tissue
content of GABA and the cellular expression of the
mRNA for the GABA transporter and for glutamic acid
decarboxylase (synthetic enzyme for GABA; see Figure
2) are all decreased.2,14 In contrast, cellular expression of
the mRNA for the GABAA receptor is increased.14 These
changes may be concentrated in a specific subgroup of
GABAergic interneurons (chandelier neurons) that pro-
vide inhibitory input to the axon initial segment of py-
ramidal cells, thus exerting control over the excitatory
output of the prefrontal cortex.15 Studies of the serotonin
(5-HT) system havemixed findings. Postmortem studies
have found increased 5-HT receptor density in several
cortical areas, including prefrontal and temporal.16 On
the other hand, labeling of axons immunoreactive to the
serotonin transporter was unchanged in prefrontal cor-
tex.1 The glutamate system has been studied less than
other neurotransmitters, but there is evidence for altered
expression of some receptor subtypes in hippocampus
and some areas of cortex.17

Functional brain imaging is another way of examin-
ing neurochemistry. Initial studies focused on imaging
DA receptors because the first successful pharmacologic
treatment for schizophrenia acted by blockade of do-
pamine D2 receptors.16 In addition, amphetamines,
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which can produce a state similar to paranoid schizo-
phrenia, act by increasing presynaptic DA release and
inhibiting uptake.18 These findings led to the develop-
ment of the “dopamine hypothesis” of schizophrenia, in
which the symptoms were attributed to excessive DA
activity. Many, but not all, patients with schizophrenia
have increased D2 receptor density in the striatum. Syn-
aptic concentrations of DA may also be greater in
schizophrenia. Dopaminergic responsiveness may also
be increased, as indicated by a greater amphetamine-
induced release of DA in the striatum. Studies have con-
centrated on striatum because of its high concentration
of DA receptors. The low density of D2 receptors in other
areas of brain has precluded their study in vivo, al-
though newly developed ligands may change this in the
future.16

The atypical antipsychotics act powerfully on other
neurotransmitter systems in addition to DA. In partic-
ular, they are potent 5-HT receptor antagonists.19 The
balance between 5-HT and DA antagonismmay be criti-
cal to the lower rate of side effects with these agents.20

Although changes in 5-HT receptor density have been
found in postmortem studies of brains from individuals
with schizophrenia, two in vivo studies (measuring flu-
orine-18-labeled setoperone binding) did not find any
difference.16 Similarly, in vivo studies of GABA receptor
density have not found any abnormalities in individuals
with schizophrenia, although alterations have been re-
ported in postmortem studies.16 The basis for this di-
vergence of findings has not yet been established.
Functional imaging can also indirectly observe

summed synaptic activity, as mirrored in the metabolic
demand of an area. There is sufficient anatomic resolu-
tion to observe functional subregions of the brain and
thus gain insight into interacting circuits. Many studies
have found a decrease in resting metabolism (as mea-
sured by regional cerebral blood flow or glucose metab-
olism) in areas of prefrontal cortex in schizophrenia.21,22

This hypofrontality is most closely associated with the
negative symptoms of schizophrenia. Prefrontal cortex
is made up of many functional areas, and it is clear that
areas of increased and decreased metabolism coexist
within individuals, indicating the importance of looking
at subregions rather than prefrontal cortex in totality.22

Many other brain regions also show altered resting me-
tabolism, including portions of anterior cingulate, tem-
poral and parietal cortices, striatum, thalamus, and cer-
ebellum.21,22 Correlation analysis has been used to

examine functional relationships among many of these
areas. The strength of correlation between frontal cortex
and related regions is decreased in schizophrenia, sug-
gesting changes in functional connectivity.21 Alterations
in neuronal numbers, in the density of synaptic proteins
(and therefore of synapses), in the density of transport-
ers for neurotransmitters, and in their synthetic en-
zymes, found with micropathological studies, all may
underlie the findings of changes in connectivity from
functional brain imaging studies.
Even more informative, from the perspective of treat-

ment, are the studies examining the effects of antipsy-
chotic agents on regional brain metabolism.Medication-
related increases in striatal metabolism have been found
by several groups. It has been suggested that this is a
“normalization” of function. A low resting striatal met-
abolic rate may even be predictive of good medication
response.21 Similarly, medication-induced increased
metabolic rate in striatal areas (caudate, globus pallidus)
may predict development of tardive dyskinesia. Re-
gional patterns of antipsychotic-induced metabolic
changes vary with the agent. It is possible that careful
systematic studies relating these differences to individ-
ual patient’s medication response may provide a means
of predicting responders and nonresponders in future.
In recent years the original DA hypothesis of schizo-

phrenia has been transformed as understanding of in-
teractions among neurotransmitter systems has
evolved. It has become evident that considering the DA
system in isolation does not provide a full picture of
schizophrenia. Many new formulations have been sug-
gested that incorporate other neurotransmitter systems
in a wide variety of ways.15,20,23–26 Some emphasize the
interactions between DA and 5-HT, others the interac-
tions between DA and glutamate. GABA is central in
some theories, glutamate in others. Most of these theo-
ries involve multiple brain areas, although not neces-
sarily the same areas. Core similarities among these di-
verse approaches to understanding schizophrenia are
an incorporation of the very complex interactions that
exist among neurotransmitter systems at the level of in-
dividual synapses and at the level of interconnected
brain regions. As a result of this wider view, new med-
ications are being developed that target more neuro-
transmitter systems and different receptor subtypes
than previously. Their success or failure will provide
valuable insight into the pathophysiology of schizo-
phrenia, as well as a source for new therapeutic agents.
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