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Schizophrenia: Breakdown in the Well-
regulated Lifelong Process of Brain
Development and Maturation

George Bartzokis, M.D.

Recent evidence suggests that the temporal extent of brain
development/maturation can be expanded into middle age
when maximal white matter volume and myelination are
reached in frontal lobes and association areas. This temporally
expanded view of brain development underlies a more
comprehensive conceptual model of schizophrenia that
incorporates both the reduction of gray matter volume and the
complementary expansion of white matter volume occurring
from adolescence until middle age. The model posits that the
brain is in a constant state of well-requlated structural and
functional change roughly defined as periods of development
continuing into middle age followed by degeneration. Multiple
genetic and environmental factors can interfere with the

developmental processes resulting in a dysregulation of the
complementary changes occurring in gray and white matter.
This dysrequlation in development results in an insufficient
capacity to maintain temporal synchrony of widely distributed
neural networks and is manifested in the heterogeneity of
symptoms and cognitive impairments of schizophrenia. The
model highlights the contributory role of myelination to
synchronous brain function, provides explanations for
inconsistencies in the existing literature, and suggests testable
hypotheses and novel approaches for intervention efforts.
[Neuropsychopharmacology 27:672-683, 2002]
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Progress in understanding schizophrenia has been im-
peded by the lack of clear postmortem changes to sug-
gest the mechanism causing the disease. In addition,
objective markers of the disorder (analogous to the
plaques and tangles of Alzheimer’s disease) for con-
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firming the “correct” diagnosis of the disease have yet
to be identified (Harrison 1999; Andreasen et al. 1999).
Nevertheless, recent histopathologic and neuroimaging
techniques have demonstrated subtle structural
changes that provide clues to the disorder’s pathophys-
iology and heterogeneity despite the failure to identify
a single pathophysiologic “lesion” (Harrison 1999).
Brain imaging studies of adult patients have consis-
tently documented enlarged cerebral spinal fluid (CSF)
volumes (sulcal and ventricular), as well as subtle de-
creases in total brain volume and smaller gray matter
volumes in a variety of locations (cortical, medial tem-
poral lobe structures, and thalamus) (for reviews see
Lawrie and Abukmeil 1998; Nelson et al. 1998; Pearlson
and Marsh 1999; McCarley et al. 1999; Wright et al.
2000).

The search for the underlying pathophysiology of
schizophrenia continues (Harrison 1999). A primary
early hypothesis has been the possibility of “neuro-
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degeneration.” Some investigators have argued that in-
dicators of neuro-integrity show worsening over time
beyond that associated with normal aging (see DeLisi et
al. 1997). Considerable evidence indirectly supports a
progressive loss of brain tissue volume occurring at some
point during postnatal development. This evidence in-
cludes the larger extracerebral CSF volume with normal
skull size in schizophrenia (as reviewed by Woods
1998), as well as postmortem evidence of decreased neu-
ropil (as opposed to neurons themselves) in prefrontal,
dorsolateral prefrontal, and occipital cortices (Selemon
and Goldman-Rakic 1999; Uranova et al. 2001; Cotter
et al. 2002). Longitudinal imaging studies comparing
schizophrenic and control subjects age 10 or older have
generally supported this hypothesis. Some of these
studies have reported no progression of these atrophic
brain changes (Degreef et al. 1992; Delisi et al. 1992; II-
lowsky et al. 1988), but most report either progression
limited to subgroups (Gur et al. 1998; Keshavan et al.
1998; Davis et al. 1998; Lieberman et al. 2001) or clear
evidence of progressive atrophic changes (DeLisi et al.
1997; Giedd et al. 1999a; Rapoport et al. 1999; Baare et
al. 2001; Mathalon et al. 2001).

Contradicting such evidence has been the absence of
gliosis, the hallmark of neuro-degenerative processes
involving cell loss that is not apoptotic. The absence of
gliosis has been interpreted to suggest that schizophre-
nia is a neurodevelopmental rather than a neurodegen-
erative disorder (Weinberger 1987; Weinberger and
Lipska 1995). The definition of neurodevelopment has
been recently expanded and refined as brain develop-
ment and maturation that occurs as a consequence of an
orderly process which begins in utero and continues
into the early twenties (Woods 1998).

In this article, the neurodegenerative and the neu-
rodevelopmental models are integrated with recent evi-
dence that the temporal domain of brain development/
maturation extends into middle age (Bartzokis et al.
2001). In the context of continuing myelination and ex-
pansion of white matter volume in normal individuals,
these two hypotheses are clearly not exclusive of each
other. The evidence for “neurodegeneration without
gliosis” can be reinterpreted as an arrest in the develop-
mental process of myelination (Bartzokis et al. 2001).
This integrated view provides hypothetical explana-
tions for multiple aspects of the observed phenomenol-
ogy of the disease which, given the currently available
research techniques, are amenable to hypothesis-driven
prospective investigation.

EXTENDING THE TEMPORAL DOMAIN OF
BRAIN DEVELOPMENT

Magnetic resonance imaging (MRI) can investigate my-
elination in vivo through the use of T1-weighted and
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inversion-recovery sequences, which maximize brain
gray/white matter contrast (Valk and van der Knaap
1989; Bartzokis et al. 1993). Using this method it has re-
cently been demonstrated in vivo that the frontal and
temporal lobe white matter volumes of normal males
continue to increase into the mid-to-late forties, reach-
ing maximum volume at age 47 (Bartzokis et al. 2001).
These results are consistent with post mortem data
showing that white matter myelination of these same
regions continues into middle age (Yakovlev and
Lecours 1967; Benes et al. 1994).

The gray matter changes accompanying postnatal
brain development are equally marked, have the same
quadratic shape as the white matter changes, but occur
three decades before the white matter changes (Giedd
et al. 1999a; Bartzokis et al. 2001). Early postnatal mam-
malian brain development is characterized by synapto-
genic overelaboration of neuritic processes (i.e., axons
and dendrites) in the cortex followed by a gradual re-
duction of synaptic density to about 60% of maximum
levels (Huttenlocher 1979; Huttenlocher and Dabholkar
1997). Early in development, synaptogenesis likely cre-
ates connections more or less randomly, with subse-
quent selective elimination of weaker connections
based on experience (Murphy and Regan 1998) as well
as endogenous factors (Etienne and Baudry 1990; Bock
and Braun 1999; Sestan et al. 1999). In humans this pro-
cess is largely complete by the age of two years in sen-
sory areas such as the occipital cortex, but is not com-
plete until mid-adolescence in prefrontal and
association (temporal and parietal) areas (Huttenlocher
1979; Giedd et al. 1999a).

Imaging studies of normal development have dem-
onstrated that after early adolescence, when maximum
total gray matter volume is reached (Giedd et al. 1999a),
cortical gray matter volume continues to decrease
throughout the life-span (Jernigan et al. 1991; Lim et al.
1992; Pfefferbaum et al. 1994; Sullivan et al. 1995; Raz et
al. 1997; Passe et al. 1997; Gur et al. 1999; Bartzokis et al.
2001). Post-mortem data suggests that this gray matter
volume decrease is primarily a result of large neuron
shrinkage and pruning of processes with minimal if any
neuronal cell loss before the age of 55 (Terry et al. 1987;
Haug 1987; Pakkenberg and Gundersen 1997; Peters et
al. 1998).

Thus, during normal post-adolescent development
and maturation of the prefrontal and association areas,
the gray matter volume reduction occurs in concert
with an expansion in white matter volume that contin-
ues into middle age (Yakovlev and Lecours 1967; Benes
et al. 1994; Bartzokis et al. 2001). These two opposing
processes are well regulated and volumetrically cancel
each other out creating the appearance, when the entire
brain volume is measured, that in normal individuals,
minimal if any changes in brain volume occur during
adulthood (20-50 years of age) (Miller et al. 1980; Bart-



674 G. Bartzokis

zokis et al. 2001). The gray/white matter ratio is signifi-
cantly negatively correlated with age in this age range
(Miller et al. 1980; Bartzokis et al. 2001, 2002b). How-
ever, the myelination-driven white matter volume ex-
pansion of frontal and temporal lobe regions (Yakovlev
and Lecours 1967; Benes et al. 1994; Bartzokis et al.
2001) may be crucial for normal adult brain function
(Benes et al. 1994; Fuster 1999). If normal white matter
myelination/maturation is disrupted even in adult-
hood, normal adult brain function may become im-
paired (Bartzokis et al. 2001, 2002b).

MYELINATION AND BRAIN
FUNCTIONAL SYNCHRONY

Multiple investigators have recently highlighted the im-
portance of temporal synchrony of functional neural net-
works (for review see Miller 2000). A rich nomenclature
has evolved around the general concept of functional syn-
chrony of neural networks in schizophrenia. An inade-
quate amount of functional synchrony has been described
from a variety of points of view as “disconnection syn-
drome,” “reduced neuropil,” “dysmetria,” and “cortical
oscillations” (Friston and Frith 1995; Friston 1998; Wein-
berger and Lipska 1995; Selemon and Goldman-Rakic
1999; Andreasen et al. 1999; Fuster 1999; Green 1999).

White matter myelination may play a crucial role in
supporting the brain’s functional synchrony. Adequate
speed of neural transmission may be especially important
in the prefrontal cortex. The prefrontal cortex is the most
highly interconnected of all the neocortical regions. It has
reciprocal connections with the brainstem, hypothalamus,
limbic system, thalamus, and other areas of the neocortex
(for review see Miller 2000). One of the basic neurocogni-
tive functions subserved by the prefrontal cortex is the
temporal organization that is essential to the formation of
associations between disparate events separated in time or
“gestalts” in the temporal domain (Fuster 1999; Levy and
Goldman-Rakic 2000; Miller 2000).

The speed of neural transmission depends on the
structural properties of the connecting fibers, including
axon diameter and the thickness of the insulating mye-
lin sheath (Aboitiz et al. 1992). By increasing transmis-
sion speed, an increase in myelination could improve
the connectivity of the brain and facilitate the synchro-
nous integration of information across the many spa-
tially segregated associative neocortical regions in-
volved in higher cognitive functions (Gould et al. 1999;
Srinivasan 1999; Mesulam 2000; Thompson et al. 2000).

If an analogy with today’s internet were to be made,
brain development and maturation in the association
regions seems to consist of a progressive conversion of
the internet from a telephone line-based transmission
system to the faster T1 line-based system. The increase
in transmission speed would permit a smooth transi-
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tion from local institutional networks (local neuronal
circuits) to the preeminence of the “virtual” institution
existing in multiple geographic locations, but contain-
ing the necessary or even expanded levels of expertise
and functional capacity (e.g., functional neural net-
works) (Bartzokis et al. 2001).

The literature has multiple reports of lower white
matter volumes in schizophrenia compared with matched
normal controls (Breier et al. 1992; Buchanan et al. 1998;
Cannon et al. 1998; Sanfilipo et al. 2000; Bartzokis et al.
2001). Technical factors may make such observations
less likely in the usual axial analysis of the brain used in
imaging studies if the differences are localized to fron-
tal and association regions (Bartzokis et al. 2001), the
only areas where post mortem data indicates that
myelination continues into adulthood (Yakovlev and
Lecours 1967). An abnormality in the normal white
matter volume expansion is also indirectly suggested
by multiple other imaging and post mortem findings.

Recent studies using diffusion anisotropy (a MRI
measure used to evaluate the structural integrity of
white matter tracts) have consistently found abnormal
values in schizophrenia (Buchsbaum et al. 1998; Lim et
al. 1999; Foong et al. 2000). Although not as consistent
(Bartha et al. 1999), two proton magnetic resonance
spectroscopy studies also observed white matter abnor-
malities (Maier and Ron 1996; Lim et al. 1998), includ-
ing age-related choline abnormalities suggestive of ab-
normal (reduced) myelination in the temporal lobe of
schizophrenic patients (Maier and Ron 1996). These
findings are consistent with recent evidence that in ad-
dition to neurons, mature oligodendrocytes also pro-
duce N-acetyl aspartate (NAA) (Bhakoo and Pearce
2000) and may contribute to the NAA signal observed
in proton spectroscopy studies (Lim et al. 1998). In ad-
dition, the post-mortem literature may be consistent in
reports of increased density of interstitial cells in white
matter (Akbarian et al. 1996; Kirkpatrick et al. 1999).
This finding could be reinterpreted in the context of the
model to suggest that the reduced white matter volume
in schizophrenia causes the increased density as op-
posed to an altered production of these cells. Interest-
ingly, all the above investigations reporting white mat-
ter abnormalities in schizophrenia examined primarily
older (mean age 34 or greater) samples of schizophrenic
patients. In such older/chronic samples, an arrest in
white matter development could be magnified when
contrasted to the continued white matter myelination
occurring in normal controls (Bartzokis et al. 2001) pro-
ducing a highly significant Age X Diagnosis interaction
(p = .0002) (Bartzokis et al. 2002b). Finally, two in vivo
phosphorus magnetic resonance spectroscopy studies
of drug-naive schizophrenic subjects observed changes
consistent with increased membrane breakdown, sug-
gesting that a destructive white matter process may be
already present at disease onset (Pettegrew et al. 1991;
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Fukuzako et al. 1999). In support of the above studies, a
recent post mortem study observed that several genes
expressed in oligodendrocytes and involved in myeli-
nation were transcriptionally downregulated in schizo-
phrenia (Hakak et al. 2001).

Subtle cortical gray matter volume decrements have
also been observed by numerous investigators evaluat-
ing the pathophysiology of schizophrenia (for reviews
see Lawrie and Abukmeil 1998; Nelson et al. 1998;
Pearlson and Marsh 1999; McCarley et al. 1999; Wright
et al. 2000). Compared with normal controls, individu-
als with schizophrenia seem to undergo an exaggerated
reduction of gray matter volume in the context of mini-
mal neuronal loss (Selemon and Goldman-Rakic 1999;
McGlashan and Hoffman 2000; Woods 1998). The gray
matter volume deficits observed in schizophrenia ap-
pear to be already present at the onset of the disease
and to be non-progressive (Gur et al. 2000a,b; for re-
view see Pearlson and Marsh 1999). Interestingly how-
ever, prospective studies in adults with schizophrenia
find CSF volume expansions to be more robust and
consistently observed than the accelerated (compared
with controls) gray matter reductions (Lieberman et al.
2001; Mathalon et al. 2001; for review see Wright et al.
2000). Given that in adults the volume of the cranial
vault is static, this would suggest that a lack of white
matter expansion in schizophrenic compared with con-
trol subjects could contribute to the consistency and mag-
nitude of CSF volume expansions observed in schizo-
phrenia (Symonds et al. 1999; Bartzokis et al. 2002b).

Some recent studies observe that relatives of schizo-
phrenic patients have gray matter volume reductions
similar to the schizophrenic probands (Cannon et al.
1998; Baare et al. 2001) but white matter volume reduc-
tions are not found in these non-symptomatic relatives
(Cannon et al. 1998). It is therefore possible that gray
matter volume reductions represent genetically loaded
deficits (Cannon et al. 1998; Seidman et al. 1999; Staal et
al. 2000; Gur et al. 2000a,b; Baare et al. 2001). These gray
matter deficits could be due to an early underdevelop-
ment of synaptic connectivity (which may result in
smaller heads) or overaggressive pruning process oc-
curring primarily in the pre-adolescence period which
may result in normal head size but smaller brain vol-
ume at illness onset (McGlashan and Hoffman 2000;
Woods 1998; Giedd et al. 1999b; Rapoport et al. 1999).

Since reduced gray matter volumes are seen in nor-
mal relatives of schizophrenic patients (Cannon et al.
1998; Baare et al. 2001), inadequate myelination
(whether due to lack of normal development or myelin
breakdown) could represent secondary deficits neces-
sary to produce enough brain functional synchrony im-
pairment to fully manifest schizophrenic symptoms
(Hyde et al. 1992). This possibility is supported by the
observation that in discordant twin pairs the affected
twin has enlarged lateral ventricles (Baare et al. 2001;

Schizophrenia: Dysregulated Brain Development 675

Ohara et al. 1998) which are closely associated with cere-
bral white matter volume (Symonds et al. 1999; Bartzokis
et al., unpublished observation). Abnormal white matter
development would impair the overall ability of the
brain to maintain functional synchrony and, in concert
with the continuous decreases in gray matter volumes
which occur after early adolescence, result in an irrevers-
ible deterioration from previous levels of functioning
(Woods 1998; Bartzokis et al. 2001). Compared with nor-
mal controls, the lack of compensating myelination in the
face of the continued normal life-long reductions in gray
matter volumes (Bartzokis et al. 2001) could contribute to
progression of symptoms after illness onset and the ap-
pearance of continued brain “degenerative” changes in
the absence of gliosis (DeLisi 1997).

WHITE MATTER DISEASE AND
PSYCHOTIC SYMPTOMS

Despite the apparent importance of the prefrontal cortex
and associative regions in schizophrenia, no cortical in-
jury to these regions has been known to result in a schizo-
phrenic syndrome (Weinberger and Lipska 1995; Fuster
1999). On the other hand, multiple white matter patholo-
gies such as metachromatic leukodystrophy, 22q11 dele-
tion syndrome (22qDS), and demyelinating disorders have
been reported to result in chronic schizophrenic syn-
dromes in adolescence and adulthood (Hyde et al. 1992;
Bassett and Chow 1999) and possibly also in old age
(Tonkonogy and Geller 1999; Sachdev et al. 1999). These
white matter pathologies may be more prone to cause
chronic psychoses if they are widespread, have an in-
sidious onset, and most importantly, if they impair brain
functional synchrony as opposed to completely obliterat-
ing the connectivity as occurs in lobotomies (Hyde et al.
1992). In addition, as Hyde and colleagues (1992) sug-
gested, the white matter deficit itself may not be suffi-
cient, as metachromatic leukodystrophy-associated psy-
chosis is not manifested at younger ages. One could posit
that at younger ages, before a critical amount of gray mat-
ter pruning has occurred, the local processing capacity
created by the abundant local neuronal connectivity of
the brain’s association areas serves as a protective factor
until additional pruning occurs in late childhood and ad-
olescence phase (Huttenlocher 1979; Giedd et al. 1999a).
The postulated impairment of the brain’s functional
synchrony created by white matter diseases such as the
ones described above could also be insidiously pro-
duced by dysregulation or arrest of the normal myeli-
nation of the frontal and association areas (Yakovlev
and Lecours 1967; Benes et al. 1994; Bartzokis et al.
2001, 2002b). In such a circumstance, the cortical gray
matter pruning of local neuronal connectivity would
not be appropriately compensated by the increased
connectivity provided by myelination of the appropri-
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ate neural networks and could thus result in a brain
dysfunction manifested as symptoms of schizophrenia.

The most recent evidence of the possible involve-
ment of white matter pathology in chronic psychotic
symptom production has come from studies of chromo-
some 22qll-deletion syndrome (22qDS), which until
the recent discovery of its genetic basis, was often indis-
tinguishable from and considered to be “schizophre-
nia.” 22qDS encompasses several genetic syndromes as-
sociated with chromosome 22q 11.2 microdeletions,
including velocardiofacial syndrome and DiGeorge
syndrome (for review see Bassett and Chow 1999). It is
the second most common genetic syndrome after Down
syndrome with an estimated prevalence of the deletion
of 1/4000 (Du Montcel et al. 1996), and it usually occurs
as a sporadic mutation, but approximately 10% of cases
are inherited from less severely affected parents (Demc-
zuk and Aurias 1995). In addition to learning disabili-
ties, palatal and cardiac abnormalities, and typical facial
features, this syndrome is characterized by an unusual
prevalence of psychotic symptoms (for review see Chow
et al. 1999). Early studies summarized by Bassett and
Chow (1999) indicate that for a patient with 22qDS the
risk of schizophrenia may be approximately 25 times the
general population risk, and double the risk for a first-
degree relative of an individual with schizophrenia.

Unlike metachromatic leukodystrophy, which is known
to be a myelin disease, the pathophysiology of 22qDS dis-
orders remains unclear. However, early reports show the
prevalence of white matter abnormalities in the 22qDS
population to be very high. Eliez et al. (2000, 2001) studied
children and adolescents and matched normal controls
and observed that the 22qDS schizophrenic subjects had
reductions in white matter volume twice as large as their
gray matter volume reductions, a finding already inde-
pendently replicated by two other groups (Kates et al.
2001; Bearden et al. 2001). In addition, Chow et al. (1999)
observed that in a sample of 11 adults with 22qDS schizo-
phrenia the most prevalent qualitative abnormality de-
tected on MRI was T2 white matter bright foci which oc-
curred with a frequency of 90% (in all but one of the
subjects) and which are often a result of a demyelinating
processes (Takao et al. 1999). In addition, a recent study
supports the association between this genetic defect,
schizophrenia, and lipid metabolism by demonstrating
that apolipoprotein L, an enzyme involved in cholesterol
transport, is upregulated in the brain of schizophrenic
patients, as well as being located in the same 22q region
involved in q22DS (Mimmack et al. 2002).

STRESS AND BRAIN TOXICITY

One of the most difficult to explain facets of schizophre-
nia (as well as other psychiatric diagnoses) is symptom
exacerbation, which occur even in the face of continual
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treatment. This is coupled with the observation that
schizophrenia is an acutely “stress reactive” disease
meaning that both the onset and the course of the dis-
ease are often associated with environmentally pro-
duced psychological stress (going to college, becoming
homeless, etc.). Thus the Vulnerability/stress model of
schizophrenic episodes (Nuechterlein et al. 1986) was de-
veloped to deal with the fact that environmental stres-
sors may precipitate psychotic periods in vulnerable in-
dividuals.

One of the possible mechanisms for such a vulnera-
bility /stress interaction is the neuronal and/or glial cell
loss secondary to hypercortisolemia, which increases
vulnerability to excitatory amino acid toxicity and may
be manifested as a decrease in hippocampal volume
(Sheline 1996; for review see Sapolsky 2000). This mech-
anism also interferes with adult neurogenesis (Sapolsky
2000) and could represent additional disruptions that
contribute to impairing the functional synchrony of
neural networks. Oligodendrocytes are also highly vul-
nerable to excitotoxicity (McDonald et al. 1998; Alonso
2000). Thus both gray and white matter structures may
be vulnerable to stress, suggesting that there could be
multiple ways to arrive at symptomatic exacerbations
through further disruption of the already compromised
ability of the vulnerable schizophrenic brain to main-
tain functional synchrony.

Such stress-dependent mechanisms have been associ-
ated with positive symptoms of schizophrenia (Walder
et al. 2000) and may help explain reports that length of
untreated illness may be associated with poorer outcome
(Haas et al. 1998; for review see McGlashan 1999; Fried-
man et al. 1999). Conversely, some data suggest that
early intervention with antipsychotic medications de-
creases some of the long-term morbidity associated with
schizophrenia (Wyatt and Henter 1998). Since the effects
of severe positive symptoms on outcome are present in
both first admission and chronic schizophrenic patients
with multiple previous hospitalizations (Haas et al.
1998), it is possible that any deleterious effects of severe
positive symptoms may continue to exert an effect on
outcome later in the illness. One longitudinal study sug-
gests that geriatric patients that demonstrated cognitive
and functional decline during a 30-month period had
more severe positive symptoms at baseline (Harvey et al.
1999). Interventions that mitigate the physiologic effects
of such stresses could provide novel avenues of treating
these disorders by “protecting” normal brain develop-
mental proecesses.

THERAPEUTIC INTERVENTIONS TO
IMPROVE MYELINATION

If as hypothesized in the current model decreased my-
elination promotes loss of brain functional synchrony
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and subsequent increased risk of psychotic symptoms,
then increased myelination may offer protection from
the same. Myelination differences could therefore help
explain the well described gender effect in schizophre-
nia. In the first three decades of life normal females
have a significantly greater amount of myelin staining
in temporal lobe white matter tracks than male subjects
of the same ages (Benes et al. 1994). In individuals at
risk for schizophrenia, degree of myelination may be a
protective factor for the appearance of symptoms. This
protective factor may be underlying the well-described
delay in onset of schizophrenia for females and their
more benign course of disease (Castle et al. 1998;
Hafner et al. 1998; Takahashi et al. 2000; Welham et al.
2000). Conversely, slower myelination in males com-
pared with females could contribute to their vulnerabil-
ity in acquiring earlier-onset schizophrenia (Benes et al.
1994; Koenig et al. 2000; Chance et al. 1999).

Steroids are one of the factors known to influence
myelination (Melcangi et al. 1998; Desarnaud et al.
1998). The brain is capable of producing neurosteroids
(steroid hormones produced locally in the brain) (for re-
view see Baulieu and Schumacher 2000). Receptors for
sex steroids such as estradiol and progesterone are
present in both neurons and glia, and production of
these neurosteroids occurs in glia including myelinat-
ing glial cells such as oligodendrocytes (Zwain and Yen
1999). One neurosteroid (progesterone) is known to
stimulate myelination (Melcangi et al. 1998; Desarnaud
et al. 1998). The availability of progesterone from the
periphery, as well as a higher level of the enzymes in-
volved in neurosteroid synthesis in female brains
(Watzka et al. 1999), may be two of the reasons for the
earlier myelination observed in female brain (Benes et
al. 1994; Chan et al. 1998). Since blood levels of female
sex steroids such as progesterone are very low in males,
the male nervous system may rely more heavily on lo-
cal production of these hormones for myelination. Male
brains could therefore be more susceptible to inhibitors
of the enzymes (cytochrome P450 side chain cleavage
enzyme and 3B-hydroxysteroid dehydrogenase) in-
volved in the synthesis of neurosteroids (Baulieu and
Schumacher 2000). Thus, deficits in myelination whether
due to steroid availability or other causes could contrib-
ute to the gender specific pathophysiology of schizo-
phrenia. The atypical antipsychotics clozapine and olan-
zapine, but not the typical antipsychotic haldol, have
been shown to increase neurosteroid levels (including
progesterone) in the cortex and striatum of rats (Barbac-
cia et al. 2001; Marx et al. 2000).

Abnormalities in lipid metabolism are another possi-
ble mechanism that could interfere with myelination in
schizophrenia. This possibility is indirectly supported
by a large literature describing abnormal lipid metabo-
lism in psychiatric disorders (for review see Horrobin
and Bennett 1999; Assies et al. 2001). In addition, apoli-
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poprotein D (involved in lipid metabolism and shown
to bind hydrophobic ligands including steroid hor-
mones and arachidonic acid) is reduced in the plasma
of schizophrenic subjects while being elevated in a re-
gionally specific pattern in the brain of schizophrenic
patients as well as bipolar patients who were psychotic
prior to death (Thomas et al. 2001b).

Glia synthesize, excrete, and express the gene for
apolipoprotein D, suggesting a specific role for this
molecule in membrane lipid metabolism and repair in
the central nervous system (CNS) (Schaeren-Wiemers et
al. 1995; Kalman et al. 2000; Patel et al. 1995). Apolipo-
protein D levels have been shown to be elevated in old
age and in a number of other neuropathologic disorders
such as Alzheimer’s disease (Kalman et al. 2000) and
excitotoxic damage (Montpied et al. 1999) in regionally
specific patterns. This suggests that upregulation of
apolipoprotein D may be a localized response to re-
gional brain lipid pathology (for review see Rassart et
al. 2000). This possibility is supported by the observa-
tion that in an animal model of Niemann-Pick disease
(degenerative disease involving cholesterol homeosta-
sis) most of the apolipoprotein D was associated with
the myelin fraction (Suresh et al. 1998). In normal brain,
apolipoprotein D is found primarily in white matter oli-
godendrocytes (Navarro et al. 1998; Ong et al. 1999). Fi-
nally, in normal younger adults who are continuing to
myelinate (Yakovlev and Lecours 1967; Benes et al.
1994; Bartzokis et al. 2001), brain apolipoprotein D is
primarily localized in oligodendrocytes (Schaeren-Wi-
emers et al. 1995; Navarro et al. 1998; Kalman et al.
2000) as is the case in the rodent CNS where a matura-
tion-associated induction of the gene’s expression has
been reported (Ong et al. 1999).

Interestingly, some of the novel antipsychotic medi-
cations like clozapine but not classic neuroleptics like
haldol seem to be able to markedly increase apolipo-
protein D levels in brain (Thomas et al. 2001a,b; Khan et
al. 2002) as well as cause elevated blood lipids in hu-
mans (Henderson et al. 2000; Melkersson et al. 2000).
This suggests that in addition to neuronal receptor ef-
fects, novel antipsychotic medications may be capable
of producing therapeutic effects by impacting abnor-
malities of lipid metabolism and myelination (Thomas
et al. 2001a; Khan et al. 2002). Medications that impact
lipid metabolism may prove effective in correcting
white matter deficits in schizophrenia (Bartzokis et al.
2002b; Lieberman et al. 2001a). Additional indirect evi-
dence for the association between effects on lipid me-
tabolism and therapeutic response to antipsychotic
medications comes from data suggesting that increas-
ing body weight is associated with the robustness of
clinical response (Basson et al. 2001).

Finally, novel pharmacologic agents that have been
developed for their neuroprotective/neurotrophic prop-
erties have been shown have promyelination effects
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(Demerens et al. 1999). In light of the proposed model
of schizophrenia involving the arrest of normal myeli-
nation, the prospect of correcting myelination deficits
or promoting myelination is promising. Such interven-
tions open up the potential to go beyond ameliorative
treatments and move the field toward curative treat-
ments by impacting myelination, one of the possible
underlying developmental abnormalities of the schizo-
phrenic diseases (Bartzokis et al. 2002b).

Evidence from the study of groups of patients that
experience deteriorating course and poor clinical out-
comes suggests that this most severely affected and
treatment resistant group may be especially likely to
benefit from interventions that may improve myelina-
tion. This subgroup demonstrates severe negative
symptoms and cognitive deterioration which seems to
affect learning that occurred during the years of illness
as opposed to skills such as reading acquired during
formal education (Harvey et al. 1999, 2000; McGurk et
al. 2000). This subgroup demonstrates myelin gene
product downregulation (Hakak et al. 2001) as well as
progressive enlargement of lateral ventricle spaces
(Davis et al. 1998; Lieberman et al. 2001) in the absence
of pathologic evidence of known dementing neurode-
generative disorders such as Alzheimer’s disease (Puro-
hit et al. 1998). Progressive enlargement of the lateral
ventricles would be expected if the normal increase in
white matter volume observed in adulthood did not oc-
cur (Bartzokis et al. 2001, 2002a,b, unpublished data).
Thus, early intervention with promyelinating agents
could have especially far reaching consequences on the
course of illness in this subgroup by correcting the my-
elination “trajectory” of their brain development.

CONCLUSIONS

The accumulated evidence over the past few decades
suggests that schizophrenia is a heterogeneous disorder
lacking a single pathophysiologic “lesion.” Recent evi-
dence suggests that a temporally expanded view of
brain development may be relevant to creating a better
conceptual model aimed at understanding schizophre-
nia and possibly other neuropsychiatric disorders. This
developmental model posits that the brain is in a con-
stant state of change roughly defined as periods of de-
velopment/maturation continuing into middle age fol-
lowed by degeneration.

One of the underlying hypotheses is that the process
of brain maturation is based on increasing synchrony of
communication between disparate brain regions that
encompass widely distributed neural networks. This in-
creased synchrony is achieved in part by increasing
speed of neural transmission through a process of my-
elination that continues into middle age and possibly
beyond. For normal development to occur, this neu-
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rodevelopmental white matter process must be regu-
lated and occur in concert with the concurrent gray
matter process that results in pruning of local neuronal
interconnections and is manifested by a continually de-
creasing brain gray matter volume after adolescence.
Genetic and/or environmental effects that interfere
with either one or both of these two well regulated de-
velopmental processes may result in a loss of the
brain’s ability to function normally by reducing its abil-
ity to maintain synchronous communication across
functional neural networks. This loss of synchrony can
occur between a variety of such networks and therefore
results in a heterogeneous group of devastating symp-
toms that we currently refer to as schizophrenia.

This model suggests that the brain could experience
neurodevelopmental dysregulation at any point, if patho-
logical states (e.g., genetic, hormonal, head trauma, severe
stress (including psychological stress), substance abuse,
etc.) alter the normal age-related pattern of continual
structural and functional changes. This temporally ex-
panded view of brain development creates the possibility
of testing its underlying hypotheses through prospective
imaging studies focused on areas of active myelination,
combined with prospective evaluation of neurocognitive
and symptomatic aspects of the disease, and genetic stud-
ies targeting proteins involved in myelination. The model
would also predict that that medications or other interven-
tions (hormonal, dietary) that protect myelin or normal-
ize/enhance myelination could result in improvements.
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