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Schizophrenia: A Disease of Heteromodal

Association Cortex?

Godfrey D. Pearlson, M.A., M.B., B.S., Richard G. Petty, M.Sc., M.D., M.R.C.Psych.,
Christopher A. Ross, M.D., Ph.D., and Allen Y. Tien, M.D.

There is considerable evidence of disturbances of multiple
brain areas in schizophrenia. The clinical features and
findings from pathologic and neuro-imaging studies
suggest primary involvement of a system of parallel
distributed networks within the neocortex— the
phylogenetically recent heteromodal association cortex
(HASC). There is evidence that HASC is a family of
higher-order parallel distributed networks of circuits,
mediating complex representationally guided behaviors.
We argue that HASC regions are especially involved in
schizophrenia. Lesions of HASC in the disease are likely
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Structural and functional brain studies in schizophre-
nia have evolved rapidly from a stage at which it was
unknown which —if any — regions were involved, to the
demonstration that multiple regions of the brain are
affected (Weinberger 1990; Buchsbaum 1990; Gur and
Pearlson 1993; Andreasen et al. 1986; Breier et al. 1992;
Andreasen et al. 1988; Berman and Weinberger 1990).
There is a need for clear hypotheses to understand and
organize these observations, and for means to test the
competing explanations. The nature of the abnormali-
ties in vivo is not uniform: structural studies have
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to be neurodevelopmental in origin (as evidenced by such
examples as reversed planum temporale asymmetry) which
have been identified by magnetic resonance imaging as-
specific regions of disproportionately reduced local gray
matter volumes, and by neuropathologic examination as
cellular migration disruptions. We believe the hypothesis
of preferential heteromodal cortical abnormalities has
heuristic value, and briefly indicate how it opens new
avenues for investigating this debilitating condition.
[Neuropsychopharmacology 14:1-17, 1996]

shown both increases and decreases in the volumes of
different structures (e.g., Barta et al. 1990; Jernigan et
al. 1991.) and functionally several areas of hyper- or
hypometabolism or bloodflow are reported (e.g., Ber-
man and Weinberger 1990; Buchsbaum et al. 1992;
Cleghorn et al. 1989; Early et al. 1989, Gur et al. 1987;
Lewis et al. 1992; Liddle et al. 1992; Musalek et al. 1989).
These variable findings have led some to suggest that
they may be entirely nonspecific. Although it is un-
known whether all the clinical syndromes of schizo-
phrenia represent a single disease entity, we believe
that there is now adequate evidence to localize the pri-
mary lesions responsible for the classic clinical features
of schizophrenia to a defined brain system, and that
the brain changes primarily occur in HASC and only
secondarily in other areas.

We suggest, based on available data, a testable, if
preliminary hypothesis that schizophrenia represents
the clinical manifestations of a group of disorders in
which disruption of heteromodal association cortical
(HASC) networks is a central event. Because we advo-
cate a specific hypothesis, we emphasize supportive evi-
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dence and mention discordant studies more briefly.
There are limitations in current knowledge, and many
aspects of human cerebral connectivity are unexplored.

Our hypothesis of predominant heteromodal as-
sociation cortical involvement in schizophrenia derives
from three major sets of evidence:

1. Human and nonhuman primate studies indicate
heteromodal cortical regions are an evolutionarily
recent family of interconnected higher-order neu-
ral circuits, mediating complex cognitive tasks, such
as working memory, language, and aspects of fo-
cused attention. Some of these regions show strik-
ing lateral asymmetries. Heteromodal cortical
regions undergo significant myelination and reor-
ganization of synaptic connections during adoles-
cence and early adult life, later than most other
brain regions, and at a time when the incidence of
schizophrenia rises sharply.

2. Recent neuropsychologic studies indicate that in
addition to hallucinations and delusions, schizo-
phrenic patients have cognitive deficits, especially
for functions subserved by heteromodal cortex.

3. The neocortical regions implicated in many neu-
ropathologic, pathophysiologic, neuropsychologic,
and neuro-imaging studies of schizophrenic pa-
tients are predominantly HASC regions. Finally,
we summarize our own magnetic resonance imag-
ing (MRI) observations suggesting that these re-
gions are preferentially affected in schizophrenia.

HETEROMODAL CORTEX AND
SCHIZOPHRENIA: HISTORY

The idea that schizophrenia represents a disease of the
cerebral neocortex is not new. Alzheimer (1913) re-
ported pathologic changes in cerebral cortex, although
these were not replicated by subsequent researchers.
Southard (1915) was the first to refer to association cor-
tex as particularly involved in the disorder. A psy-
chiatrist who carried out many early neuropathologic
studies in schizophrenia, Southard stated that “struc-
tural (visible or invisible) changes of a mild develop-
mental nature lie at the bottom of the disease process
... very striking is the preference of these changes to
occupy the association-centers of Flechsig. For this there
is probably a good a priori reason in the structure, late
evolutionary development, and consequent relatively
high lability of these regions” (Southard 1915). Al-
though contemporary confirmatory evidence for South-
ard’s hypotheses was lacking, we argue that his ideas,
especially concerning neocortical phylogenetic recency
and lability, bear reexamination.

Anatomic studies of heteromodal cortical regions
have a long history. In the previous quote, Southard
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referred to Flechsig, another neuropathologist and psy-
chiatrist who had earlier postulated the existence of sev-
eral “association centers” i.e., complex neocortical
regions normally mediating higher-order cognitive
tasks, such as cross-modal sensory association (Flech-
sig 1896). Flechsig's centers were based on cellular
maps, and comprised portions of frontal, parietal, tem-
poral, and possibly occipital, lobes. Flechsig believed
these association areas constitute the neural substrate
for higher cortical functions and “comprise centers of
all the more complex associations” (Villiger 1931). Flech-
sig suggested that fibers in white matter regions adja-
cent to these association cortical areas are the last to my-
elinate during normal human development.

ANATOMY OF HETEROMODAL CORTEX

There are many conceptual schemes for subdividing the
human cerebral cortex. One valuable approach is that
adopted by Mesulam (1985), based on patterns of struc-
tural complexity and differentiation formed by regions
with shared characteristics. This results in a classifica-
tion of cortex into five types (see Table 1 and Figure 1),
in which heteromodal isocortex is the highest order of
association neocortex. Heteromodal cortex, by defini-
tion, receives data from multiple sensory modalities or
transmits data to multiple secondary motor cortices.

Our own concept of heteromodal association cor-
tex (HASC) (illustrated in Figure 1) is similar to that of
Mesulam, but based on both structural and functional
considerations. Because the function of many prefron-
tal regions remains to be fully clarified, we have been
conservative in inclusion of frontal neocortex, and thus
omit some regions included by Mesulam. Goldman-
Rakic and her collaborators, (Goldman-Rakic 1987,
1988, 1990, 1991; Selemon and Goldman-Rakic 1988),
using nonhuman primates, have contributed signifi-
cantly to elucidating the anatomy and function of het-
eromodal association cortical regions, especially DLPFC
with its extensive interconnections with other HASC
regions.

As shown in Figure 1, major component areas of
HASC include: (1) the dorsolateral prefrontal cortex
(DLPFC), including human Brodmann areas 9 and 46
(Chavis and Pandya 1976; Barbas and Mesulam 1981;
Jones and Powell 1970; Pandya and Kuypers 1969;
Kojima 1980), Broca’s motor speech region subsuming
parts of Brodmann areas 44 (premotor), 45, and por-
tions of 6 and 47 around the lower frontal convolution
(Geschwind 1965, 1972; Galaburda 1980; Mesulam
1985); (2) auditory association portions of the superior
temporal gyrus (STG), (Mesulam 1985) including part
of Brodman areas 22, for example, planum temporale
(which includes much of Wernicke's area) (Geschwind
and Levitsky 1968); and (3) the inferior parietal lobule
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Piriform cortex
Paralimbic cortex

Anterior insula
Cingulate cortex

Idiotypic cortex

Isocortex

Heteromodal cortex

Table 1. Functional Subdivision of the Cerebral Cortex, Based on Mesulam’s
Classification (1985)

Subdivision Examples

Limbic subcortex Amygdala

Allocortex Hippocampus

Parahippocampal gyrus
Entorhinal cortex
Orbitofrontal cortex

Primary sensory cortex

Primary auditory area (Heschl's gyrus)
Primary visual area

Primary motor cortex

Modality-specific association cortex, e.g., auditory association
cortex; visual association cortex

Dorsolateral prefrontal cortex (Brodmann areas 9 and 46),
Broca's area (including parts of Brodman areas 45, 44, 6
and 47), portions of superior temporal gyrus, including
planum temporale (Brodmann area 22), and inferior
parietal lobule (Brodmann areas 39 and 40)

(IPL) Brodmann areas 39 and 40 (Bruce 1981; Hyvari-
nen 1981; Mesulam 1977; Selzer and Pandya 1978,
1984), which latter consists of the supramarginal and
angular gyri.

Maijor features of heteromodal association neocor-
tical regions are as follows: (1) characterization as an
interconnected family of higher-order neural circuits
comprising parallel distributed neocortical networks
(Selemon and Goldman-Rakic 1988); (2) HASC regions
are innervated by discrete regions of the thalamus, most
especially, the medial dorsal nucleus and pulvinar
(Trojanowski and Jacobson 1976; Jacobson and Trojan-
owski 1975; Guillery 1959; Morecraft et al. 1992; Schmah-

Figure 1. Conceptual map of human cortex modified from
that of Mesulam (1985) showing shading of heteromodal as-
sociation cortical areas. DLPFC is anterior, and IPL posterior,
with STG proceeding horizontally from it.

mann et al. 1990; Yeterian and Pandya 1991; Barbas et
al. 1991); (3) normally highly laterally asymmetric in na-
ture (Galaburda 1980; Galaburda and Sanides 1980;
Eidelberg and Galaburda 1984); (4) phylogenetic
recency (Osman Hill 1972; Jerison 1973); (5) ontogenetic
recency (Sarnat and Netsky 1981): HASC circuits my-
elinate and prune late (adolescence or beyond) (Benes
1989; Feinberg 1992); (6) mediation of higher-order mul-
timodal cognitive tasks (e.g., language, focused atten-
tion, working memory) (Goldman-Rakic 1990; Mesu-
lam 1990); (7) consist of anterior (motor) and posterior
(sensory) components (Goldman-Rakic 1990).

Some functions are summarized in Table 2. Dam-
age to portions of the heteromodal cortex results in be-
havioral and neuropsychologic deficits that are nonmo-
dality-specific. By contrast, in unimodal association
cortex (Mesulam 1977, 1981, 1985) neurons respond
only to one type of sensory input from one primary sen-
sory cortex, and damage produces deficits only in that
modality. Each region of heteromodal neocortex shows
evidence of direct multimodal convergence (Benevento
1977; Bignall and Imbert 1969) receiving inputs from
multiple unimodal areas and from other heteromodal
association areas, including its pair in the opposite
hemisphere (Barbas and Mesulam 1981; Mesulam and
Mufson 1984; Mesulam et al. 1977; Rosene and Van-
Hoesen 1977).

Heteromodal areas also have rich and extensive in-
terconnections with specific areas within the limbic sys-
tem, especially to paralimbic regions such as cingulate
cortex, parahippocampal gyrus, and caudal orbitofron-
tal cortex (Mesulam 1985; Barbas and Mesulam 1981;
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Table 2. Heteromodal Association Cortical Regions
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Neuropsychology and

Location Physiology

Neurology Connectivity

Dorsolateral prefrontal
Broadmann areas 9 +
46 (Area FD-delta of
Von-Economo)
(Mesulam 1985;
Goldman-Rakic 1990).

including working memory;
socialization; motivation;
complex problem-solving;
verbal fluency; spatially

Rakic 1990)

Motor speech (Benson and
Geschwind 1985)

Broca's area
Brodmann areas 44, 45,
6, 47 (Mesulam 1985;
Geschwind 1972)

Inferior parietal
Brodmann areas 39 +
40) (Mesulam 1985;
Selzer and Pandya 1978)

“Focusing and execution” of
attention (Posner 1988)

Superior temporal
Brodmann area 22
(Mesulam 1985;
Geschwind 1972)

Auditory + semantic pro-
cessing; receptive language
(Benson and Geschwind
1985); source for P300
evoked potential (Knight
1987)

Executive and integrative tasks,

guided movement (Goldman-

Immediately adjacent to areas
controlling saccadic eye
movements; “motor inte-
gration” (Barbas and
Mesulam 1981; Goldman-
Rakic 1990)

Inferior parietal, basal
ganglia, temporo-
limbic, anterior cin-
gulate (Selemon
and Goldman-Rakic
1988)

STG, IPL, DLPFC,
(Benson and
Geschwind 1985)

Motor and premotor regions
(Mesulam 1985)

DLPFC, limbic cortex
(Selemon and
Goldman-Rakic
1988; Selzer and
Pandya 1978)

Limbic regions, IPL,
DLPFC (Geschwind
and Levitsky 1968)

Oculomotor smooth pursuit
(Anderson 1990); “Supra-
modal” and “sensory-motor
integration” (Mesulam 1985)

“Sensory integration,”
language (Benson and
Geschwind 1985)

Jones and Powell 1970; Mesulam 1977; Pandya and
Kuypers 1969).

HASC comprises densely interconnected regions,
as shown for example, by Selemon and Goldman-Rakic’s
(1988), double-label experiments in the rhesus monkey.
A very large number of cortical and subcortical areas
receive common efferent projections from area PS (the
rhesus analogue of DLPFC in area 46), and area IPS (the
rhesus analogue of IPL in area 7) (see Figure 2) (Mesu-
lam et al. 1977; Pandya et al. 1981; Seltzer and Pandya
1978).

Asymmetry of Neocortical Regions

Structural and functional cerebral cortical lateral asym-
metry, although not limited to humans (Sarnat and
Netsky 1981; Nottebohm 1976), is most striking in the
human brain, and primarily confined to heteromodal
regions. Some asymmetrical language regions, such as
Broca’s speech area (the pars opercularis and trian-
gularis of the inferior frontal gyrus), and Wernicke’s area
(which overlaps in part the dominant planum tem-
porale) may be unique to humans.

Heteromodal association cortical regions are nor-
mally the most asymmetrical in the human brain.
Cytoarchitectonic asymmetries of a clear-cut nature
have been reported in normal subjects for the inferior
parietal lobule (Eidelberg and Galaburda 1984), for pla-
num temporale (Galaburda and Sanides 1980), and for
Broca’s area (Galaburda 1980). Some of these asym-
metries are evident during fetal development (Chi
1977). To our knowledge the dorsal lateral prefrontal

cortex has not been studied in a similar manner. The
planum temporale is the most straightforward region
to define in terms of gross anatomy, and here clear ana-
tomic asymmetries have been demonstrated (Geshwind
1968). Most recently, MRI studies have been used to
demonstrate asymmetries in some HASC regions, most
convincingly for the planum temporale (e.g., Steinmetz
et al. 1989; Kulynych et al. 1993; Barta et al., in press).

Phylogenetic Recency

The cortical areas devoted to association have increased
during phylogeny relative to other areas of brain (Os-
man Hill 1972, p. 60). In humans this increase is often
presumed to be primarily frontal (e.g., Hofer 1969).
However, others (Kluver 1951; vonBonin and Bailey
1947; Jerison 1973) emphasize that “corticalization” in
advanced primates consists in expansion of the regions
of temporal lobe “as much or more.. . . as it does in the
expansion of prefrontal areas” (Jerison 1973). The lat-
ter also states that the emphasis on temporal neocorti-
cal expansion was “mainly to correct or, at least, ame-
liorate the effects of the almost gratuitous assumption
among neurologists and neuropsychologists of a few
decades ago that the frontal lobes were the only areas
in which higher ‘psychic’ functions were localized.”

Ontogenetic Recency

In cerebral cortex, the neocortical neurons are the last
to migrate ontogenetically, just as they are the most re-
cent to arise phylogenetically (Sarnat and Netsky 1981;
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Figure 2, Circuit demonstrated in nonhuman
primates by double anterograde tracing tech-
nique following tracer placement in prefron-
tal (PS = area 46) and posterior parietal (IPS =
area 7) cortices described in Selemon and
Goldman-Rakic (1988). These two centers,
which correspond to human DLPFC and IPL,
project to multiple common targets including
superior temporal gyrus and parahippocampal
gyrus (labeled 15). Reprinted from Goldman-
Rakic (1990).

: 7 A

Berry and Rogers 1965; Sidman and Angevine 1962;
Angevine and Sidman 1961, 1962). HASC regions un-
dergo myelination (Benes 1989) and pruning (Feinberg
1982; Feinberg et al. 1990; Feinberg 1992) through late
adolescence, a time when there is an increasing inci-
dence of schizophrenia.

FUNCTION

We now know that these heteromodal association areas
of the brain form an integrated system or family of cir-
cuits of critical importance in coordinating many sen-
sory, motor, and behavioral activities and integrating
them with drive and mood (e.g., Mesulam et al. 1977;
Lynch 1980). As Flechsig (1896) hypothesized, they
mediate complex cognitive tasks such as attention, plan-
ning, language, and working memory, using knowledge
of prior events to guide current behavior (Goldman-
Rakic 1990; Mesulam 1990). Thus, regions of sensory
heteromodal cortex do not receive sensory information
directly, but coordinate complex preprocessed data
from more than one sensory sphere. For instance, the
recognition that a cube held in the hand is the same

object seen in a picture, or the simultaneous process-
ing sensations of the sight, smell, and taste of food are
mediated within heteromodal association areas. Other
heteromodal association areas integrate sensory and
motor activities. For example, some cells within these
regions increase their firing in response to sensory in-
put, but only in phase with motor output (Kojima et
al. 1981; Kubota et al. 1980), and in response to motiva-
tional relevance (Lynch 1980) or behavioral cues (Kojima
1980). Heteromodal areas integrate information from
both extrapersonal space and the internal milieu (Mesu-
lam 1985; Kievit and Kuypers 1975), and can generate
and access internal sensory and motor representations
of the external world, and use this information to guide
attentional and perceptual responses (Goldman-Rakic
1990; Drooglever-Fortuyn 1979; Mesulam 1981).
HASC circuits can be considered to have more an-
terior “motor” or output regions, and more posterior
“sensory” or receptive portions. For example, in the rhe-
sus monkey the HASC circuit linking (anterior) area 46
in prefrontal cortex (corresponding to human dor-
solateral prefrontal cortex) and (posterior) area 7a in in-
ferior parietal cortex mediates spatial delayed response
tasks (Goldman-Rakic 1990). In humans, other exam-
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ples are those of Broca’s (anterior, motor) and Wer-
nicke’s (posterior, sensory) speech/language regions
(Geschwind 1965). Heteromodal regions thus “provide
a neural template for intermodal associations necessary
for many cognitive processes, especially language”
(Mesulam 1985).

These neural networks consist of interconnected
regions allowing parallel distributed processing, and
map complex behaviors “at the level of multifocal neu-
ral systems rather than specific anatomical sites” (Mesu-
lam 1990). Thus, Goldman-Rakic has shown that the
nonhuman primate equivalents of DLPFC and IPL form
adistinct, highly organized neural system, with multi-
ple reciprocal interconnections to similar higher-order
cortical regions such as STG. “These shared connec-
tions constitute part of an elaborate anatomical circuit
which could mediate many aspects of spatial function,
including spatial perception, attention, memory and
spatially guided movement” (Seleman and Goldman-
Rakic 1988). Other aspects of the circuit mediate other,
similarly complex cognitive functions. In the temporal
lobe, connections to other HASC regions are most
prominent in portions of the superior temporal sulcus,
an area known to be connected to the above mentioned
frontal and parietal regions from prior investigations
(e.g., Seltzer and Pandya 1978, 1984). Although the area
46 to area 7 circuit mediating representationally guided
spatial delayed response tasks is the paradigmatic and
best-studied HASC neural circuit, HASC should be
viewed as a family of such parallel distributed networks,
each with its anterior/motor and posterior/sensory com-
ponents. For example, immediately adjacent to area 46
in primate prefrontal cortex is area 12. Together with
its linked posterior cortical area, this circuit is respon-
sible for feature-dependent, memory-mediated delayed
response tasks. Parietal heteromodal areas contain a
“multidimensional representational schema of the ex-
trapersonal world” (Mesulam 1985). The example of lan-
guage was cited previously, and there is increasing evi-
dence that other members of this family of parallel
distributed polymodal cortical networks constitute the
anatomic substrate of additional complex cognitive
tasks.

REGIONS OF HETEROMODAL ASSOCIATION
CORTEX AND SCHIZOPHRENIA

Schizophrenia involves subtle alterations in higher cog-
nitive functions, such as those involving ability to
change cognitive set, respond to social cues, and per-
form long-range planning. These functions are notable
for their association with areas of heteromodal cortex,
as described later.

Whereas some investigators have focused on the
relevance to schizophrenia of particular components of
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heteromodal association cortex, most prominently dor-
solateral prefrontal cortex (e.g., Goldman-Rakic 1991;
Weinberger 1991; Mirsky et al. 1992), we extend these
arguments by proposing prominent dysfunction of the
entire distributed heteromodal network in schizophre-
nia, as summarized in Table 3. We review below fur-
ther evidence implicating individual HASC regions in
schizophrenia.

Dorsolateral Prefrontal Cortex

DLPFC involvement in schizophrenia is well docu-
mented (for example, see Berman and Weinberger
1990). Neuropathologic study of this region has been
relatively neglected, but careful recent studies by Raj-
kowska and Goldman-Rakic (1991) show clear evidence
of cellular abnormalities in schizophrenia.

Convincing structural MRI evidence for morpho-
logic change in DLPFC is scanty because the relevant
region is very difficult to delineate specifically. The fron-
tal lobe as a whole is functionally and structurally di-
verse (Mesulam 1985) and DLPFC changes may well
be regionally selective. Earlier MRI studies examined
large portions of frontal lobe, including numerous
different regions (Andreasen et al. 1986) did not pro-
duce consistent or convincing evidence of change. More
recently, Schlaepfer et al. (1994), using cortical peel tech-
niques, showed more convincing reductions in hetero-
modal association cortical gray matter, including an ap-
proximation to dorsolateral prefrontal cortex.

SPECT regional cerebral blood flow studies show
reduced rCBF when schizophrenic patients perform
cognitive tasks mediated via circuits including this re-
gion, including the Wisconsin Card Sorting Test (Ber-
man and Weinbergerr et al. 1990a,b; Rubin et al. 1991)
and verbal fluency tasks (McGuire et al. 1993).

Cognitive deficits in functions normally subserved
by dorsolateral prefrontal cortex in both humans (Gold-
man-Rakic 1991) and nonhuman primates (Goldman-
Rakic 1990) such as aspects of set shifting and working
memory have been shown to be abnormal in schizo-
phrenic patients (Park and Holzman 1992).

Heteromodal Regions of Superior Temporal Gyrus

The superior temporal gyrus contains both heteromo-
dal association cortex and primary sensory cortex. The
planum temporale, which is an HASC region, is in the
posterior portion of the superior temporal gyrus and
is a highly lateralized asymmetric speech region, where-
as Hechl’s gyrus, which is more anteriorly located, con-
sists of primary auditory cortex (Mesulam 1985).
Gross neuropathologic involvement of STG was
first remarked on by Southard (1915), but more recently
temporal neocortical change has been shown at autopsy
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Table 3. Overview of HASC Dysfunction in Schizophrena and supportive neuropathologic and

Neuro-Imaging Evidence

Hypothesized Physiologic
Symptomatic Neuropathologic or Neuropsych. SPECT PET Changes
Association in Involvment in MRI Changes Deficits in Changes in in
Schizophrenia Schizophrenia in Schizophrenia  Schizophrenia  Schizophrenia Schizophrenia
Dorsolateral prefrontal Decreased cell density, Reduced volume, Set shifting, Reduced flow “Hypo-
cortex layer VI, prefrontal correlating with  working with WCST,  frontality”
Psychomotor poverty,  cortex. No gliosis negative symp-  memory, and and verbal
negative symptoms (Rajkowska and toms (An- verbal fluency fluency
(Berman and Wein- Goldman-Rakic, dreasen 1986) all impaired, (Berman
berger 1990) in press) impaired and Wein-
saccades berger 1990)
Broca’s area Unknown Unknown Increased
Auditory hallucina- flow with
tions (McGuire 1993) auditory
hallucina-
tions
Superior temporal Disrupted sulcal/ Reduced volume Reduced 300 Flow changes Decreased
cortex gyral morphology correlating with  amplitude with audi- bloodflow
“Reality distortion,” (Jakob and Beck- hallucinations, tory hallu-
auditory hallucina- man 1989 thought dis- cinations
tions, thought disor- order, reversed
der (Barta 1990; PT asymmetry
Shenton 1992)
Inferior parietal cortex  Unknown Reduced volume, Impaired atten- Decreased
“Reality distortion,” reversed asym-  tional focus. bloodflow

negative symptoms
(Tamminga 1992)

metry (McGil-
christ 1993)

Abnormal
smooth pursuit

as sulcalgyral disruption by Jakob and Beckman (1989)
and shape disturbances on MRI (Casanova et al. 1990).

Volume reduction in the more anterior STG on MRI
is associated with positive schizophrenic symptoms,
particularly hallucinations (Barta et al. 1990; Flaum et
al. 1992), whereas reduction in the more posterior re-
gion is associated with thought disorder (Shenton et
al. 1992; Menon et al., 1995).

Functional imaging SPECT studies have shown in-
creased flow associated with auditory hallucinations in
the left superior temporal gyrus (Suzuki et al. 1993) and
failure to activate perisylvian flow with semantic mem-
ory tasks in schizophrenic patients (Wood 1990).

Electrical stimulation of the STG in conscious hu-
mans elicited apparent auditory hallucinations (Penfield
and Perot 1963). Although Gloor (1990) emphasized the
role of medial temporal structures in this regard, Ban-
caud et al. (1994) have shown convincingly that supe-
rior temporal gyrus, amygdala, and anterior hippo-
campus constitute portions of a circuit forming a
substrate for psychoticlike experiences and reempha-
sized the role of the STG (as has other recent work in
such symptoms occurring in temporal lobe epilepsy,
Jibiki et al. 1993). Furthermore, the P-300 evoked poten-
tial (elicited by novel auditory stimuli) is generated in
the locale of STG (Knight et al. 1987). In many studies
the auditory P-300 amplitude is reduced in patients with

schizophrenia, and this is associated with reductions
in the volume of gray matter in the posterior STG
(McCarley 1993). Magnetoencephalographic changes
in schizophrenia are consistent with abnormalities
within the STG region (Reite et al. 1989), and SPECT
bloodflow changes in STG parallel the occurrence of
auditory hallucinations (Suzuki et al. 1993).

Cognitive deficits such as impaired selective atten-
tion (Mirsky et al. 1992) seem to point toward specific
abnormal interactions between inferior parietal lobule
and superior temporal regions, a good example of dis-
turbed network functions.

Inferior Parietal Lobule

Concentration upon frontal and temporal lobe involve-
ment in schizophrenia has led to a recent relative ne-
glect of the parietal lobes, although there is much evi-
dence of involvement of these regions. Mesulam and
Geschwind (1983) suggested that the parietal lobes
might be impaired in schizophrenia. No clear neu-
ropathologic studies have been carried out.

Few MRI studies have focused on this region.
Schlaepfer et al. (1994) showed reduced gray matter vol-
ume in this heteromodal area, and a preliminary study
from McGilchrist et al. (1993) has shown strikingly re-
duced gray matter volumes in the inferior parietal lob-
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ule. The latter study used high resolution 1.5 mm SPGR
MRI images, with 3-D volume rendering, to define the
IPL from its surface sulcalgyral landmarks and then to
further measure its gray and white matter from the origi-
nal 2-D coronal slices. IPL was reliably defined blindly
in 10 DSM-III-R male schizophrenics, and an equal
number of screened normal controls, individually
matched to patients on age, sex, race, and parental SES.
IPL gray volume subsequently defined by threshold-
ing was significantly smaller (by 26%) in schizophrenics
on the right side, with similar but lesser (10.5%) gray
volume reductions on the left side. No white matter
differences were seen on either side, and total cerebral
gray matter reductions in schizophrenics were of a
smaller degree than those noted in IPL, comparable
with values noted by us previously (Schlaepfer et al.
1994).

Several authors (Zec and Weinberger 1986; Posner
etal. 1988; Cleghorn et al. 1989) more recently reviewed
the functional imaging evidence for parietal association
cortex involvement in schizophrenia. Reduced inferior
parietal glucose metabolism is found in both treated and
untreated schizophrenic patients (Cleghorn et al. 1989;
Liddle et al. 1992; Wiesel et al. 1987; Kishimoto et al.
1987, Tamminga 1992). As Cleghorn (1989) points out,
right parietal lobe function is important in maintaining
attention to sensory stimuli, as well as in affective re-
cognition, behaviors commonly disturbed in patients
with schizophrenia. Tamminga et al. (1992) found fron-
tal and parietal cortical glucose hypometabolism to be
associated with the deficit subgroup of schizophrenics.

Smooth pursuit eye movement abnormalities of the
type reported in schizophrenic patients show some lo-
calization to the inferior parietal lobule (e.g., Ander-
son et al. 1990). Deficit schizophrenics have more eye
movement abnormalities than nondeficit patients
(Thaker et al. 1989). Other animal studies (Andersen
et al. 1990) also stress the normal role of parietal, as well
as frontal cortex in maintaining oculomotor functions
often found to be disturbed in schizophrenia.

Petersen et al. (1989) have discussed the role of pa-
rietal cortex lesions in impairment of visual spatial at-
tention in humans. Similar attentional deficits have now
been shown in schizophrenic patients by several groups
(e.g., Posner et al. 1988). Cleghorn, for example
(Cleghorn et al. 1989, 1989), stressed the role of the pa-
rietal lobes in attention and “to the significance of events
and objects in the external environment,” whereas
Borod et al. (1986) found both schizophrenic patients
and those with right hemisphere lesions to be impaired
in voice and face recognition, and emotional expres-
sion in vocalizations and facial expressions. The IPL is
involved in the maintenance of selective attention (Heil-
man et al. 1983; Mirsky et al. 1991), which is frequently
impaired in schizophrenia (Petersen et al. 1989), imply-
ing abnormalities in a network including STG. Parietal
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lobe neurologic signs are observed in schizophrenia
(Manschreck and Ames 1984), and recognition of
faces—a parietal lobe function—may be impaired in
acute schizophrenia (Harrington et al. 1989). It has also
been suggested that lack of insight, which so frequently
bedevils the management of schizophrenia, may be as-
sociated with parietal lobe dysfunction (David 1990).

Disturbances in Neocortical Asymmetry

Lateral asymmetry of the cerebral cortex is a relatively
late development in primate evolution (Deuel and Dun-
lop 1980) and is linked with both handedness and the
human capacity for speech and communication (Gesch-
wind and Levitsky 1968). As noted earlier, the most
marked human brain asymmetries are in HASC areas.
Southard 80 years ago suggested that the neuropathol-
ogy of schizophrenia was related to changes in the left
hemisphere (Southard 1915). Benson and Geschwind
(1968) hypothesized that specific neuropsychiatric dis-
orders might be related to abnormal cerebral domi-
nance. Flor-Henry (1969) proposed that disturbances
in cerebral lateralization were of pathophysiologic im-
portance in schizophrenia. Crow (1990a,b) hypothe-
sized a crucial role in schizophrenia for one specific
highly lateralized site in the heteromodal association
cortical loop, the planum temporale. He suggested that
this abnormality results from disturbances in the ex-
pression of a hypothesized gene, which controls nor-
mal cerebral asymmetry. Crow’s evidence includes
reports of left lateralized abnormalities in the brains of
patients with schizophrenia (e.g., Bogerts et al. 1990;
Falkai et al 1992), male/female differences in both cere-
bral lateralization and disease expression (Lewine 1981),
and the usually highly asymmetric nature of the pla-
num temporale, which lies in the most posterior por-
tion of the superior temporal gyrus and contains Wer-
nicke’s area (Geschwind and Levitsky 1968). Petrides
and Pandya (1984) elucidated projections from the mon-
key homologue of this locale to specific matching
regions within frontal lobe association areas.

On following up earlier, more indirect neuropatho-
logic evidence (e.g., Falkai 1992), Steinmetz recently
suggested practical ways of directly measuring the pla-
num temporale area from MRI scans in living humans
(Steinmetz et al. 1990), making Crow’s conjecture con-
cerning the planum temporale directly testable. We
(Petty et al. 1995) and others (Rossi et al. 1994) have
strong evidence for abnormal PT lateralization in
schizophrenia. In recent work from Petty et al. (1995),
high-resolution MRI scans were obtained in 14 strongly
right-handed schizophrenic patients and 14 healthy
comparison subjects individually matched for age, sex,
handedness, race, and parental socioeconomic status.
The surface area of the PT was measured using MRI
reconstruction techniques employing tessellation to rep-
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resent the folded surface of the planum. There was
reversal of the normal, (L>R), PT surface area asym-
metry in 13 of the schizophrenic patients but in only
two of the comparison subjects. Severity of thought
disorder was correlated with extent of asymmetry. By
contrast, Heschl’s gyrus (primary sensory cortex), an
anatomically contiguous nonheteromodal cortical com-
parison region, showed no difference between the left
and right sides in either group. This work is a clear
demonstration of a reversal of expected asymmetry in
the brains of right-handed schizophrenic patients. As
the PT asymmetry is normally apparent by the 30th
week of gestation, the nature of this abnormality
strongly suggests a neurodevelopmental basis. The
study of McGilchrist et al. (1993) also showed deviant
asymmetries of the IPL in schizophrenia.

Functional changes in schizophrenia have also been
noted in other asymmetrical HASC regions by others,
e.g., Wood and Flowers (1990), Suzuki et al. (1993), and
McGuire et al. (1994), in perisylvian cortex, Wernicke's
area and Broca’s area respectively. Thus, we find Crow’s
arguments for disturbed lateralization, and especially
for involvement of planum temporale in schizophre-
nia persuasive, but see disturbed planum asymmetry
as only one of several examples of HASC pathology as-
sociated with schizophrenia.

SPECIFICITY OF CHANGES WITHIN
NEOCORTEX IN SCHIZOPHRENIA

One major issue in schizophrenia is identifying the
regions most severely affected. Because the neu-
ropathology is subtle, pathologic studies of individual
brain regions are unwieldy, and it is difficult to choose
anideal area of the brain to study. Some of the conflicts
in the neuropathologic literature are likely to be due
to the fact that different investigators have selected
different brain regions for study based on different hy-
potheses, and that until recently, relatively little work
has been carried out on HASC regions. Although there
is MRI and other evidence of relatively slight, general-
ized gray matter reductions in schizophrenia, compara-
tively little attempt has been made to test this hypothesis
versus that of disproportionate regional neocortical loss.

We have argued here for specific, rather than gener-
alized neocortical involvement in schizophrenia, a state
of affairs that is feasible on embryologic grounds (Hana-
way et al. 1968). In contrast to this hypothesis, gener-
alized reductions in gray matter volume in schizophre-
nia have recently been reported from MRI studies
(Zipursky 1992), raising the possibility of widespread
and nonlocalized changes in cortical and subcortical
gray matter. However, both our own and other recent
(Zipursky 1992) gray/white segmentation studies show
only slight (2% to 5%) generalized reduction in cortical
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gray matter, considerably less than the degree of het-
eromodal decreases (e.g., Schlaepfer et al. 1994). The
hypothesis that changes in the different cortical areas
implicated in schizophrenia reflect a process predomi-
nantly involving HASC can be tested directly by estab-
lishing whether significantly disproportionate loss of
cortical gray matter volume occurs within HASC areas.
In arecent MRI study (Schlaepfer et al. 1994), total brain
and regional gray matter volumes were calculated using
a cortical circumferential profiling method, in 46
schizophrenic patients and 60 age- and sex-matched
controls from MRIs. Disease specificity was examined
by assessing 27 patients with bipolar disorder. Approx-
imations to dorsolateral prefrontal, inferior parietal, and
superior temporal cortex were selected as regions of in-
terest for heteromodal association cortex. Occipital,
sensory-motor, and other regions were used as corti-
cal control areas to test the hypothesis for regional
specificity.

Gray matter volume was found to be reduced in
schizophrenic patients in all three HASC index regions,
even when covaried for overall brain volume, sex, and
age. Bipolar patients did not exhibit similar heteromo-
dal gray matter reduction. By contrast, control regions
were not significantly different among the three groups.
Global gray matter volume differences were not sig-
nificant among groups after covarying for global brain
volume (although both global brain volume and global
gray matter volume were both modestly reduced in
schizophrenics compared to controls). Comprehensive
individual regional post-hoc analysis found gray mat-
ter differences between schizophrenics and compari-
son groups only in heteromodal regions. These findings
support the theory of disproportionate reduction of het-
eromodal association cortex specific to schizophrenia.

ALTERNATIVE EXPLANATIONS

There have been many other attempts to synthesize ex-
perimental findings of the numerous brain changes
documented in schizophrenia. These hypotheses have
variously emphasized as primary to the disorder dys-
function of (1) the entire frontal lobe, (2) the limbic sys-
tem, (3) the basal ganglia, or (4) the thalamus. We sug-
gest below that several of these theories are correct in
part, but that they represent single examples, special
cases, or secondary effects of primary dysfunction in
the HASC system.

The Frontal Lobe

There is an extensive literature using PET and SPECT
implicating changes in frontal lobe glucose metabolism
or bloodflow in schizophrenia [for review of “hypofron-
tality,” see Pearlson (1991)]. Studies to date are con-
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strained by the structural and functional heterogene-
ity of the quite large brain regions assessed and the
major problems inherent in defining these reliable and
valid anatomic subregions of maximal relevance for
analysis. Weinberger’s group (e.g., Weinberger 1994;
Berman and Weinberger 1990; Berman et al. 1992; Wein-
berger et al. 1992) has produced convincing evidence
for defective function of the DLPFC in schizophrenia,
by showing reduced regional cerebral blood flow
(rCBF), while subjects carry out regionally dependent
cognitive tasks. In contrast to fluorodeoxyglucose PET
studies that sometimes show relative hypofrontality,
overall prefrontal blood flow at rest appeared normal
in the schizophrenic patients whom Weinberger stud-
ied, and is only revealed as abnormal in tasks activating
the DLPFC. This basic finding by now has been repli-
cated by others (e.g., Lewis et al. 1992; Kawasaki et al.
1991; Rubin et al. 1991). As reviewed earlier, the strong-
est and most consistent evidence for frontal lobe in-
volvement is for changes in DLPFC, i.e., the HASC por-
tion of frontal lobe. Overall then, we feel that the weight
of functional evidence favors abnormality of frontal
HASC regions rather than of whole frontal lobe.

The Limbic System

Evidence for temporolimbic (i.e., medial temporal as
distinguished from temporal neocortical) circuit in-
volvement in schizophrenia is suggested by multiple
observations. Positive symptoms of schizophrenia, in-
cluding hallucinations, delusions and formal thought
disorder may be associated with abnormalities in tem-
porolimbic, as well as in the previously mentioned
lateral temporal structures such as STG (Toone 1991;
Trimble 1991).

Roberts (Roberts 1990, 1991), using data derived
from studies of others (Van Hoesen 1982; Amaral et al.
1987; Insausti et al. 1987) and in agreement with Trim-
ble (1991), points to the convergence of association cor-
tical data on the entorhinal cortex and suggests a
progressive loss from primary medial temporal dam-
age in the parahippocampal gyrus (PHG) and entorhi-
nal cortex (ERC) to pathology of association neocortex
secondarily. However, Roberts” hypothesis requires
that the ERC should always be most abnormal in
schizophrenia—for which strong evidence is currently
lacking. Another prediction, from the widespread con-
nections of the ERC, is that most (if not all) cerebral cor-
tex should be involved, which we argue is not the case.
Our view is that the STG may form a crucial link be-
tween the limbic temporal structures emphasized by
Roberts and the HASC loop. This is supported, for ex-
ample, by studies such as those of Bancaud et al. (1994)
suggesting that both lateral temporal neocortical and
mesial limbic structures are involved in the pathophys-
iology of the psychotic phenomena related to temporal
lobe epilepsy. Hence, we see medial temporal involve-
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ment in schizophrenia as a phenomenon existing along-
side HASC changes, but without strong evidence to
convince one that the limbic pathology is primary. We
propose that indirect medial temporal involvement may
be secondary to pathology in the STG and other HASC
regions.

Basal Ganglia

The basal ganglia help subserve many functions noted
to be abnormal in patients with schizophrenia. These
include motivation, psychomotor activity and the mod-
ulation of language. The basal ganglia receive projec-
tions from numerous cortical areas, and project in mul-
tiple loops returning to cortex through the thalamus
(Alexander et al. 1990),

Whether or not there are pronounced primary
changes in the basal ganglia associated with the dis-
ease is still uncertain. A small number of pathologic
studies have suggested pathology in the internal palli-
dum, (e.g., Brown et al. 1986; Bogerts et al. 1985; Bru-
ton et al. 1990). Heckers et al. (1991) reported increased
volume of striatal components in schizophrenic brains
at postmortem. Studies of the basal ganglia of schizo-
phrenic patients using MRI have yielded inconsistent
findings. MRI studies of basal ganglia area (Kelsoe et
al. 1988) volume and MR Tl-relaxation time (Harvey et
al. 1991) found no differences in schizophrenic patients.
Some investigators (Jernigan et al. 1991; Swayze et al.
1992) found increased volume of the lentiform nucleus
and putamen, respectively; others (Kelsoe et al. 1988)
did not. Volume changes may be secondary to adminis-
tration of neuroleptic medication (Chakos et al. 1994).
Several glucose metabolic studies using PET have im-
plicated basal ganglia dysfunction in schizophrenia
(Early et al. 1989; Wolkin et al. 1985; Kling et al. 1986;
Buchsbaum et al. 1987). Receptor PET studies estimat-
ing Bmax values of dopamine D sites in drug-naive
schizophrenics report inconsistent findings [see the re-
view of Gur and Pearlson (1993)]. If there is basal gan-
glia involvement in schizophrenia, we suggest that it
may be plausibly interpreted as secondary to primary
HASC disturbances.

A recent structural MRI subtraction study empha-
sized thalamic alterations in schizophrenia (Andreasen
et al. 1994). Because of the methods used, this study
may have had reduced sensitivity for detecting neocor-
tical differences. Changes in the thalamus, if replicated,
might plausibly be attributed to secondary effects of pri-
mary lesions in cerebral cortex.

DYNAMIC DISRUPTIONS IN
INTERRELATIONSHIPS BETWEEN
HASC AREAS

We now discuss the functional abnormalities that fol-
low disruptions of this network of interconnected neu-
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ral systems. The maps of systems and circuits of the
type provided by Alexander and Crutcher (1990) and
the high interconnectedness of HASC regions shown
by Selemon and Goldman-Rakic (1988) illuminate net-
works that could explain and tie HASC changes con-
ceptually to other local findings. Thus, the focus can
be shifted to network disturbances rather than the
pathophysiology of individual regions, especially now
that the normal organizational principles of these sys-
tems are becoming better understood.

Recent Oxygen-15 PET experiments during perfor-
mance of cognitive tasks in healthy controls and schizo-
phrenic patients have helped illuminate the normal and
pathophysiologic functioning of HASC circuits (e.g.,
Friston et al. 1991; Jonides et al, 1993; Liddle 1992). Lid-
dle and co-workers (Liddle et al. 1992; Liddle 1992; Kibel
et al. 1993) factor-analyzed patterns among schizo-
phrenic symptoms. They found that symptoms cluster
into three syndromes: (1) psychomotor poverty (flat
affect, alogia, poverty of speech, decreased spontane-
ous movement), associated with deficits on cognitive
tasks measuring the ability to plan and initiate activity,
such as the Wisconsin Card Sorting Task and word
generation tasks; (2) disorganization, consisting of for-
mal thought disorder, inattention, and inappropriate
affect, linked to an inability to suppress inappropriate
responses on some cognitive tasks; and (3) reality dis-
tortion, contributed to by delusions and hallucinations
and associated with disturbances in cognitive tasks re-
quiring internal monitoring. A series of Oxygen 15 PET
studies (Liddle et al. 1992; Allen et al. 1993; Dolan et
al. 1993; Frith et al. 1992; Liddle 1992) employing func-
tional connectivity models (Friston et al. 1993) has
helped reveal the underlying normal organizational
principles of neural networks underlying various cog-
nitive processes and how these normal patterns of func-
tional connectivity are disrupted in schizophrenia.
These investigators proposed and have later confirmed
in part (Liddle et al. 1992) that the psychomotor pov-
erty syndrome is associated with dysfunction (shown
as reduced bloodflow) of the left DLPFC and left pari-
etal cortex, the disorganization syndrome with reduced
bloodflow of the right ventral prefrontal cortex and
Broca’s area, and the reality distortion syndrome by
temporoparietal and left posterior cingulate cortical ab-
normalities, as well as medial temporal lobe changes
(especially parahippocampal flow increases). Although
several nonHASC areas were implicated in these
studies, it is striking that so many portions of the HASC
network were highlighted. Taken as a whole, Liddle’s
work argues for a dynamic imbalance in cortical (espe-
cially neocortical) neural circuits in schizophrenia, re-
vealed as interactive functional abnormalities in a se-
ries of distributed neural circuits.

We believe that these important findings can be re-
cast as disturbances prominently affecting the HASC,
with predominant involvement of the anterior or DLPFC
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to IPL system corresponding to the psychomotor pov-
erty syndrome, whereas more prominent involvement
of the posterior or IPL/STG (mainly sensory) system
corresponds to the reality distortion syndrome. Discon-
nection between anterior and posterior HASC (or pos-
sibly global involvement of the system) results in the
disorganization syndrome. Thus, the relative prepon-
derance of one clinical schizophrenia subtype or another
may reflect the predominance of relative imbalance of
different areas of HASC (as emphasized in Table 2) to-
gether with the subcortical and limbic areas to which
they are linked.

Other examples exist of schizophrenia-related ab-
normalities best explained as interactive dynamic dis-
turbances or imbalances in HASC networks. For exam-
ple, abnormal function of aspects of the DLPFC-IPL-STG
components of the circuit has been shown by several
recent investigators. The problems in shifting of atten-
tion in schizophrenic patients (Mirsky et al. 1992) are
likely mediated not only through DLPFC (Weinberger
1987; Goldman-Rakic 1990), but also through cerebral
cortical structures in both the superior temporal and
inferior parietal cortical regions (Mirsky et al. 1991). A
similar case can be made for dynamic dysfunction in
the DLPFC-IPL-hippocampal circuit (e.g., Goldman-
Rakic 1990) when activation by the WCST is attempted
in schizophrenia.

Functional bloodflow investigations of auditory hal-
lucinations in schizophrenic patients implicate abnor-
mal activation of both anterior (Broca’s area) and post-
erior (STG), portions of the heteromodal language
(McGuire et al. 1993; Suzuki et al. 1993). Thus the con-
cept of integrated HASC loops and evidence of their
functional disruption in schizophrenia finds support
from these studies.

NEURODEVELOPMENT IN SCHIZOPHRENIA

When do the brain abnormalities seen in patients with
schizophrenia begin? The neuropathologic nature of the
structural abnormalities and a lack of gliosis (Benes and
Bird 1987) argue that these changes may be acquired
in later fetal development or in the perinatal period
(Murray and Lewis 1987; Weinberger 1987). The impor-
tance of cortical developmental disturbances in schizo-
phrenia has been recently highlighted (Akbarian et al.
1993a,b; Bloom 1993), and their possible pathogenesis
rendered more comprehensible as normal cortical de-
velopmental processes are clarified (e.g., Luskin 1993).

We hypothesize that abnormalities in HASC occur
in two stages: the first stage is in the second trimester
of fetal life (e.g., Bracha 1991) when deficits in cellular
migration may result in such phenomena as a lack of
normal asymmetry of the planum temporale, an impor-
tant component of the HASC system. Neuropathologic
evidence for migrational defects is increasingly convinc-
ing (e.g., Bloom 1993; Akhbarian et al. 1993a,b).
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The second stage occurs in late adolescence. It ap-
pears likely, as Flechsig proposed, that the heteromo-
dal association cortex and its projections to hippocampus
do not fully myelinate until this time (Benes and Bird
1987). Feinberg and co-workers (Feinberg 1982; Fein-
berg et al. 1990; Feinberg 1992) have marshaled evidence
to show that brain function normally reorganizes dur-
ing adolescence, a result, in part, of cortical synaptic
density reductions by a process of “pruning.” This pro-
cess, which is most pronounced in more developed cor-
tical regions such as HASC, results in fewer but more
effective synapses that are more “functionally power-
ful.” Accompanying the previous changes are an over-
all fall in cerebral metabolic rate and a reduction in ce-
rebral functional plasticity. These changes may expose
the effects of preexisting but subclinical anatomic ab-
normalities. Hence, the initial cortical lesion initiates
a vulnerability for the later onset of clinical symptoms.

A RESEARCH PROGRAM

Clearly the linked hypotheses proposed in this study
have to be judged on their heuristic value. Our group
has carried out research on some of these concepts and
found confirmatory evidence for them, presented ear-
lier. We conclude with some further suggestions for fu-
ture experiments.

We predict that neuropathologic surveys of cortex
will reveal cortical gray matter thinning and cellular
migrational abnormalities most prominently in HASC
locations. MRI examination may reveal changes of
HASC in subjects who are at risk for schizophrenia, ei-
ther as a result of familial association or of phenotypic
association (e.g., schizotypal features).

One major area of basic neurobiology that may pro-
vide information helpful to understanding schizophre-
nia is the study of late telencephalic development. There
has been a tremendous explosion of progress recently
in identifying genes that control early CNS develop-
ment and development of hindbrain and caudal fore-
brain (Puelles and Rubenstein 1944; Tao and Lai 1992).
Furthermore, progress has been made in understand-
ing the patterns of cortical development. However, very
little is known about the genetic control of development
in cortical regions. The existence of the many histolog-
ically and functionally defined specialized areas of cor-
tex (as first mapped by Brodmann) suggests that there
may be genes with localized patterns of expression con-
trolling the differentiation of these regions, and some
studies have already identified genes expressed in re-
stricted regions of cerebral cortex (Rakic 1988; Cohen-
Tannoudji 1994).

Heteromodal neocortical areas are also notable in
being evolutionarily recent. Hence, schizophrenia may
be thought of as a disease of the most uniquely human
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portions of the brain, and in fact may be a purely hu-
man disease. Thus, studies of genes whose structure
or expression differ between humans and other pri-
mates may identify candidate loci for the disorder.
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