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Multiple lines of evidence suggest that the prefrontal cortex 
is a site of dysfunction in schizophrenia. In addition, one of 
the characteristics of this disorder is the tendency for 
clinical symptoms to appear first during late adolescence or 
early adulthood. Recent studies in nonhuman primates have 
shown that the connectivity of the prefrontal cortex is 
substantially refined during adolescence, suggesting that 
these developmental changes may be critical for the 
appearance of the clinical features of schizophrenia. This 
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The symptoms of schizophrenia appear to be associated 
with dysfunction and structural changes in a number of 
brain regions, as well as in the connections that link 
these regions (see Friston and Frith 1995; Pearlson et al. 
1996 for review). Understanding the pathophysiology 
of this disorder will ultimately require an appreciation 
of how abnormalities in one brain region produce and/ 
or result from disturbances in other brain areas. How
ever, knowledge of the circuitry abnormalities within 
an affected region is a critical step in this process as the 
output from a given region is dependent on the flow of 
information processing within that region. 

Multiple lines of evidence suggest that the dorsolat
eral prefrontal cortex (DLPFC) is a site of dysfunction in 
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article reviews data demonstrating that these late 
developmental changes are selective for particular neural 
elements in the prefrontal cortex and that they are 
synaptically linked. It is suggested that these neural 
elements comprise a functional circuit that is likely to be 
especially vulnerable in schizophrenia, a hypothesis that can 
be directly tested in postmortem studies. 
[Neuropsychophannacology 16, 385-398, 1997] 
© 1997 American College of Neuropsychopharmacology 

schizophrenia (Levin 1984; Weinberger et al. 1986; Park 
and Holzman 1992), although controversy exists regarding 
the interpretation of some findings (Chua and McKenna 
1995; Cur and Cur 1995). The results of recent in vivo 
imaging and postmortem studies suggest that DLPFC 
dysfunction may be related to alterations in the synap
tic connectivity of this region. For example, prefrontal 
cortex (PFC) gray matter volume has been found to be 
decreased in schizophrenic subjects in some (Shelton et 
al. 1988; Breier et al. 1992; Zipursky et al. 1992; An
dreasen et al. 1994b; Schlaepfer et al. 1994), but not all 
(Wible et al. 1995) MRI structural studies, and MRI 
spectroscopic investigations have found evidence for a 
decrease in synaptic building blocks in the DLPFC 
(Pettegrew et al. 1991; Stanley et al. 1995). Similarly, 
postmortem studies have found that cell-packing den
sity is increased and cortical thickness decreased in the 
DLPFC of schizophrenic subjects (Pakkenberg 1987; 
Daviss and Lewis 1995; Selemon et al. 1995). In addi
tion, the total number of cortical neurons does not ap
pear to be altered in schizophrenia (Pakkenberg 1993; 
Akbarian et al. 1995), although some investigators have 
observed decreased numbers of certain populations of 
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prefrontal neurons (Benes et al. 1991). Together, the 
presence of increased cell packing density without a 
change in neuron number suggests that the DLPFC 
neuropil, which includes the axon terminals, small den
drites, and dendritic spines that are the components of 
most cortical synapses, is diminished in schizophrenia. 
Consistent with this interpretation, levels of the syn
apse-associated protein synaptophysin have been re
ported to be decreased in the DLPFC of schizophrenic 
subjects (Karson et al. 1996; Glantz and Lewis in press; 
Perrone-Bizzozero et al. 1996). However, understand
ing the potential etiological and pathophysiological sig
nificance of these apparent alterations in synaptic con
nectivity requires an understanding of which elements 
of DLPFC circuitry are preferentially affected. 

Given the accumulating evidence that schizophrenia 
is a neurodevelopmental disorder (Waddington 1993), 
one approach for identifying these vulnerable neural el
ements involves studies of the normal maturation of the 
functional architecture of the DLPFC. Indeed, one of the 
characteristics of schizophrenia is the tendency for clin
ical symptoms to first appear during late adolescence or 
early childhood, and it has been suggested that any hy
pothesis regarding the pathophysiology of schizophre
nia must account for this age of onset (Feinberg 1982; 
Weinberger 1987). Recent findings indicate that the pri
mary pathological event in at least some cases of schizo
phrenia may occur during the pre- or perinatal periods 
(Benes 1991; Murray et al. 1992; Pilowsky et al. 1993), 
with the functional consequences of such developmen
tal disturbances not clearly evident until the affected 
neural networks become fully mature after puberty 
(Weinberger 1987). In contrast, other investigators have 
proposed that schizophrenia is due to a disturbance in 
late developmental processes that occur during adoles
cence (Feinberg 1982; Hoffman and Dobscha 1989). Al
though the available data are inadequate to reject or ac
cept either hypothesis, both converge on a common 
view that late developmental processes are critical to 
the pathogenesis of schizophrenia. 

Interestingly, studies in both humans and nonhu
man primates indicate that the DLPFC does not become 
functionally mature until after puberty. Consequently, 
understanding how the neural circuitry of the DLPFC is 
refined during adolescence may provide insights into 
which elements of this circuitry are disrupted in schizo
phrenia. Although the average age of first hospitaliza
tion for schizophrenic patients is in the early or mid
twenties for males and females, respectively (Castle and 
Murray 1991; Szymanski et al. 1995), psychotic symp
toms may appear months or even years prior to hospi
talization (Haas and Sweeney 1992; Larsen et al. 1996; 
Szymanski et al. 1995). In addition, deterioration in 
other areas that may be more directly dependent on the 
functional integrity of the DLPFC, such as scholastic 
performance and sociability, precedes the onset of the 
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overt symptoms of schizophrenia by some time (Haas 
and Sweeney 1992; Larsen et al. 1996). Thus, develop
mental events occurring during the second decade of 
life may play a critical role in the appearance of DLPFC 
dysfunction in schizophrenia. 

The following sections review recent studies on the 
normal development of the primate DLPFC during ad
olescence. Based on these findings, I propose a provi
sional, but testable, model of a specific set of synapti
cally linked components of DLPFC circuitry that is 
altered in schizophrenia. This model, presented as a cir
cuitry diagram in Figure 1, represents an extension and 
refinement of one presented in an earlier publication 
(Lewis and Anderson 1995). 

FUNCTIONAL MATURATION OF 
DLPFC CIRCUITRY 

In both monkeys and humans, the functional matura
tion of the DLPFC appears to be quite protracted. For 
example, cerebral blood flow in the frontal cortex does 
not reach adult patterns in humans until 15 to 19 years 
of age (Chugani et al. 1987; Chiron et al. 1992), and 
adult levels of performance on some cognitive tasks 
mediated by the DLPFC are not achieved until after pu
berty in both monkeys and humans (see later). To
gether, these findings suggest that critical changes in 
the organization of the DLPFC may be occurring during 
the peripubertal or adolescent period of development. 
In this article, peripubertal and adolescent are used inter
changeably to refer to the period of development that 
begins just prior to the onset of puberty and concludes 
when all features characteristic of adulthood are 
achieved. Chronologically, the peripubertal or adoles
cent period corresponds roughly to the second decade 
of life in humans and to the age range of two to four 
years in macaque monkeys. As will become evident in 
the following sections, the relatively small numbers of 
both monkey and human subjects that have been in
cluded in most studies conducted to date preclude the 
identification of more precise epochs within this inter
val of development. 

One of the cardinal behaviors subserved by the 
DLPFC in adults is the performance of delayed-response 
tasks (Fuster 1989). These tasks, some versions of which 
can be performed by both monkeys and humans, re
quire the subject briefly to retain knowledge of the in
formation provided by a sensory cue in order to produce 
the appropriate behavioral response following the re
moval of that cue. For example, in oculomotor delayed
response tasks, subjects are required to hold "on line" 
or in "working memory" the location of a visual stimu
lus in space during a delay period when the stimulus is 
absent (Goldman-Rakic 1987a). The ability to carry out 
such tasks first appears between two and four months 
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of age in monkeys (Goldman-Rakic 1987b) and around 
one year of age in humans (Diamond 1985, 1990). Per
formance on these tasks then continues to improve at a 
slower rate until adult functional competence is achieved 
following puberty in both monkeys (Alexander and 
Goldman 1978; Goldman 1971) and humans (Levin et 
al. 1991). 

The time course of improved performance with age, 
as evidenced by the ability to withstand longer delay 
periods, appears to reflect not only the functional matu
ration of the DLPFC, but also the increasing involve
ment during postnatal development of DLPFC circuitry 
in the mediation of these behaviors. That is, the emer
gence of the ability to perform delayed-response tasks 
during infancy does not appear to depend on the integ-
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rity of the DLPFC and consequently is mediated by 
other neural circuitry. For example, ablation of the 
DLPFC in infant monkeys does not produce the same 
degree of impairment on spatial delayed-response tasks 
observed in adult animals with such lesions (Alexander 
and Goldman 1978). In contrast, during the first year of 
life, these behaviors do appear to depend on the integ
rity of other brain structures, including the caudate nu
cleus (Goldman and Rosvold 1972), mediodorsal tha
lamic nucleus (Goldman 1974; Alexander and Goldman 
1978), and orbitofrontal cortex (Goldman 1971; Miller et 
al. 1973). 

Studies that have employed reversible cooling of the 
DLPFC, which temporarily disrupts neural activity in the 
affected area, also have demonstrated an age-dependent 
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Figure 1. Connectivity in the supragranular layers of monkey DLPFC. Layer 3 pyramidal neurons (P) furnish horizontal 
axon collaterals that terminate in stripelike arrays (approximately 275 µm wide by 1,800 µm long) in the superficial cortical 
layers. These excitatory axon terminals (solid circles) target dendritic spines, many of which may belong to the pyramidal 
neurons that provide reciprocal connections between stripes. These excitatory axon terminals also target the dendrites of 
GABA local circuit neurons that may include the wide arbor (WA) subclass. As shown, wide arbor neurons appear to be spe
cialized to provide inhibitory input to the soma of pyramidal neurons located in the "gaps" of a given network of intrinsic 
stripes. In contrast, chandelier neurons (C) within a given stripe are thought to furnish inhibitory input to the axon initial 
segment of pyramidal neurons located within the same stripe (open circles, inhibitory terminals). Dopamine (DA) afferents to 
the middle cortical layers synapse on the dendritic spines and shafts of pyramidal neurons and on the dendrites of parvalbu
min-containing local circuit neurons that may include wide arbor and/ or chandelier neurons. See text for additional details. 
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role of the DLPFC in certain behaviors (Alexander and 
Goldman 1978; Alexander 1982). In these studies, cool
ing of the DLPFC did not produce impairments in de
layed-response performance in monkeys 9 to 16 months 
of age. In animals 19 to 31 months old, cooling produced 
a modest degree of disruption in task performance 
compared to pre- and post-cooling conditions. How
ever, in animals 3 years of age, the typical age of pu
berty in this species, cooling of the DLPFC resulted in a 
substantial impairment of performance. These findings 
suggest that during postnatal development, delayed-re
sponse behavior becomes increasingly dependent on 
the DLPFC and that the maturation of the DLPFC aug
ments the function of neural circuits that appear to sub
serve the same task earlier in life (Alexander and Gold
man 1978). Consequently, the improvement in 
performance on delayed-response tasks with age may 
reflect both the maturation of the functional architec
ture of the DLPFC and its increased participation in the 
neural circuits that mediate these types of cognitive 
abilities. 

Further evidence for the increasing involvement of 
DLPFC circuitry in delayed-response tasks during post
natal development has been derived from electrophysi
ological studies of this region. In adult animals, specific 
populations of DLPFC neurons have been identified 
whose activity is temporally linked to specific compo
nents of the delayed-response task (Fuster et al. 1982). 
In particular, some DLPFC neurons exhibit elevated fir
ing rates during the delay period of the task, and the 
loss of this delay-related neuronal activity is associated 
with errors in the performance of the task (Bauer and 
Fuster 1976; Funahashi et al. 1989). During postnatal de
velopment, the percentage of DLPFC neurons that ex
hibit delay period activity doubles between 12 and 36 
months of age, suggesting that developmental changes 
in DLPFC circuitry facilitate the recruitment of these 
neurons to this functional role (Alexander 1982). How
ever, in contrast to other brain areas (e.g., mediodorsal 
thalamic nucleus, caudate nucleus, posterior parietal 
cortex) that also subserve delayed-response tasks, only 
the DLPFC appears to exhibit this type of developmen
tal increase in the number of delay-activated neurons 
(Alexander 1982). 

NEURAL SUBSTRATE FOR SUSTAINED 
NEURONAL ACTIVITY IN 

DELA YEO-RESPONSE TASKS 

Given this temporal pattern of DLPFC functional matu
ration, understanding the neural substrate for the sus
tained activity of DLPFC neurons during the delay pe
riod of delayed-response tasks may suggest which 
components of DLPFC circuitry undergo late develop
mental refinements. In addition, as schizophrenic sub-

NEUROPSYCHOPHARMACOLOGY 1997-VOL. 16, NO. 6 

jects perform poorly on the oculomotor delayed-response 
task (Park and Holzman 1992), exhibiting deficits simi
lar to those seen in monkeys with lesions of the DLPFC, 
this knowledge may provide clues as to the elements of 
DLPFC circuitry that exhibit altered connectivity in 
schizophrenia. Pyramidal neurons, the major class of 
excitatory cortical neurons, are of particular interest in 
this regard. In the supragranular layers (layers 2 and 3) 
of the primate PFC, pyramidal neurons furnish princi
pal axon projections to other cortical regions. (Schwartz 
and Goldman-Rakic 1984; Barbas and Pandya 1989; Pu
cak et al. 1996). In addition, intrinsic axon collaterals 
from these pyramidal cells extend for considerable dis
tances horizontally through the gray matter and give 
rise to clusters of axon terminals in the superficial corti
cal layers, which are organized as a series of stripes 
(Levitt et al. 1993). These stripes are, on average, 275 
µm wide and 1.8 mm long and are separated by gaps of 
similar size (Pucak et al. 1996). The pyramidal neurons 
that give rise to these intrinsic axon collaterals are also 
organized as stripes (Kritzer and Goldman-Rakic 1995; 
Pucak et al. 1996), and combinations of anterograde and 
retrograde tracing studies indicate that reciprocal con
nections are present among these stripes (Pucak et al. 
1996). In addition, ultrastructural investigations have 
shown that over 90% of the synapses furnished by these 
collaterals target the dendritic spines of other pyrami
dal cells (Melchitzky et al. 1995). As indicated in Figure 
1, these findings suggest that the intrinsic axon collater
als of supragranular pyramidal neurons may provide 
monosynaptic excitatory connections among pyramidal 
neurons located in interconnected stripes. Thus, these 
connections could provide the substrate for a reverber
ating cortical circuit that coordinates and maintains the 
activity of spatially segregated, but functionally-related, 
populations of DLPFC pyramidal neurons during the 
delay phase of delayed-response tasks (Lewis and 
Anderson 1995). Consistent with this interpretation, 
glucose utilization was found to be greatest in layer 3 of 
the DLPFC in monkeys that had been performing a spa
tial-delayed response task (Friedman and Goldman
Rakic 1994). 

The remaining synapses furnished by these intrinsic 
axon collaterals provide excitatory input to the den
drites of local circuit neurons (Melchitzky et al. 1995) 
that most likely utilize the inhibitory neurotransmitter 
GABA. It has been suggested (Levitt et al. 1993; Lund et 
al. 1993) that at least some of this input to local circuit 
neurons may be directed at wide arbor cells (Lund and 
Lewis 1993), a subclass of GABA neurons that contain 
the calcium-binding protein parvalbumin (Conde et al. 
1994) and that provide inhibitory input to the cell body 
of pyramidal neurons (Williams et al. 1992). Although 
the dendritic field width of these neurons (approxi
mately 300 µm; Lund and Lewis 1993) suggests that 
their afferent drive is limited to axon terminals within a 
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stripe, the size and spatial organization of their axonal 
arbors appear to be specialized for targeting the pyra
midal neurons located in the gaps between sets of inter
connected stripes (Figure 1). Consequently, activation 
of a given stripelike cluster(s) of supragranular pyrami
dal neurons may lead to sustained firing in the pyrami
dal neurons distributed across an assembly of intercon
nected stripes and suppression of firing in the 
pyramidal neurons located in the intervening areas, 
helping to maintain the fidelity of the information con
tent coded by the activity in the interconnected stripes. 
Although this hypothesis is speculative and awaits sup
port from empirical physiological studies, it points to 
the potential importance of supragranular pyramidal 
neurons in the performance of delayed-response tasks 
and, consequently, in the pathophysiology of schizo
phrenia. 

DEVELOPMENT AL CHANGES IN 
DLPFC SYNAPSES 

The potential significance of these supragranular pyra
midal neurons is further indicated by evidence that crit
ical shifts in synaptic input to these neurons occurs dur
ing adolescence. In the neuropil of both monkey and 
human DLPFC, synaptic density increases during early 
postnatal development, remains at a stable plateau for 
an extended period, and then declines during adoles
cence (Huttenlocher 1979; Bourgeois et al. 1994). Em
bedded within these changes in the overall density of 
DLPFC synapses are additional patterns of change that 
are specific to different types of synapses. For example, 
in monkey DLPFC the density of synapses on dendritic 
shafts peaks at around 2 months after birth, and this 
level appears to be maintained throughout the life span. 
These synapses account for 25% to 40% of all synapses, 
and in terms of total number, they do not appear to be 
overproduced or pruned. In contrast, synapses on the 
dendritic spines of pyramidal neurons appear to con
tribute to most or all of the transient overproduction of 
DLPFC synapses. These synapses decline in density by 
50% in monkeys over 3 years old (Bourgeois et al. 1994), 
the typical age of puberty in this species (Plant 1988). 

Although these overall patterns of postnatal change 
in synaptic density are similar in all regions of primate 
cortex studied (Rakic et al. 1986), regional, laminar, and 
cellular differences in the precise time course of these 
changes have been observed. For example, in layer 3 of 
the human cerebral cortex, total synaptic density peaks 
at 6 months of age in the primary visual cortex (Hutten
locher and DeCourten 1987), but at 2 years of age in the 
prefrontal regions (Huttenlocher 1979). Laminar differ
ences in the temporal pattern of postnatal synaptic pro
duction and elimination also have been described in 
several regions of the monkey neocortex. In the primary 
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visual cortex, Bourgeois and Rakic (1993) found that the 
periods of overshoot and regression in the density of 
synapses in layer 4 were completed prior to 1 year of age, 
whereas in both the superficial and deep layers of this re
gion the plateau phase of relatively high synaptic den
sity persisted into the third year of life. In addition, 
within monkey DLPFC the early overshoot and peripu
bertal reduction in synaptic density was more pro
nounced in the supragranular than in the infragranular 
layers (Bourgeois et al. 1994). Within a cortical layer, 
separate classes of neurons may also differ substantially 
in the timing of synaptic production and elimination. 
For example, in layer 4 of the monkey primary visual 
cortex, changes in the densities of dendritic spines 
(markers of sites of excitatory synapses) on the alpha 
and beta types of spiny stellate cells follow markedly 
different time courses during the first 6 months of life 
(Lund and Holbach 1991). 

Overall, the time course of synaptic development 
strongly suggests that the connectivity of the primate 
DLPFC undergoes substantial changes during adoles
cence. However, because of the apparent regional, lami
nar, and cellular specificity in the timing and magni
tude of maturational changes in cortical synaptic 
density, it is important to determine how specific and 
interrelated components of DLPFC circuitry change 
during postnatal development, particularly those in
volving supragranular layer 3 pyramidal neurons. The 
vast majority of asymmetric, excitatory synaptic inputs 
to pyramidal neurons are located on dendritic spines 
(Colonnier 1968; LeVay 1973; Mates and Lund 1983; 
Saint Marie and Peters 1985), and changes in spine 
number appear to reflect parallel changes in excitatory 
inputs to these neurons (Lund and Holbach 1991). In 
Golgi studies (Anderson et al. 1995), the density of den
dritic spines on layer 3 pyramidal neurons of monkey 
DLPFC was found to undergo substantial changes dur
ing postnatal development. The dendrites of these neu
rons exhibited a rapid acquisition of spines between 
birth and 10 weeks of age (Figure 2). They then main
tained a high density of spines at a relatively constant 
value, approximately 50% higher than at birth, over a 
period of at least 14 months. Based on studies in other 
neuronal systems (Changeux and Danchin 1976; Purves 
and Lichtman 1980), the temporary maintenance of 
these high levels of excitatory inputs to pyramidal neu
rons may be necessary for appropriate competition 
among, and ultimately for the proper refinement of, 
cortical connections. After 1.5 years of age, layer 3 pyra
midal neurons then underwent overall spine attrition, 
again by about 50%, until adult levels were achieved by 
4.5 years of age. Spine density then appeared to remain 
stable at these levels at least through 16 years of age. 
The time course for this acquisition and loss of spines 
during development was similar on both the apical and 
basilar dendritic trees of these neurons. Although pyra-
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midal neurons in the deep cortical layers were not ex
amined in this study, other studies have shown that 
synaptic density in the supragranular layers of monkey 
DLPFC follows a different temporal pattern of overpro
duction and elimination than in the infragranular layers 
(Bourgeois et al. 1994), suggesting that the peripubertal 
elimination of DLPFC axospinous synapses and den
dritic spines may particularly affect the connectivity of 
supragranular pyramidal neurons. 

As indicated, over 90% of the synapses formed by 
the horizontally projecting axon collaterals of supra
granular pyramidal neurons target the dendritic spines 
of other pyramidal cells (Melchitzky et al. 1995), raising 
the possibility that the peripubertal attrition of dendritic 
spines and axospinous synapses might be accompanied 
by a pruning of these intrinsic axon collaterals. Analysis 
of the patterns of anterograde labeling resulting from 
injections of biotinylated dextran amine in the superfi
cial layers of the DLPFC in prepubertal monkeys re
vealed that the discrete stripelike organization of intrin
sic axon terminals was already established (Woo et al. 
in press). However, the average area under the cortical 
surface occupied by each stripe was 50% greater than in 
adult animals, and the size of the "gaps" between 
stripes also was correspondingly smaller in the juvenile 
animals. In addition, quantification of varicosity den
sity and the degree of arborization of labeled axons 
within stripes revealed that both of these measures de
creased by about 50% from prepubertal to adult ani
mals. Thus the substantial reduction in the amount of 
excitatory input to supragranular pyramidal neurons 
during puberty may be a consequence of the pruning of 
the intrinsic axon collaterals that interconnect spatially 
segregated, stripelike clusters of neurons. If, as suggested, 
these reciprocal intrinsic connections do subserve the 
sustained neuronal activity required for working mem
ory, then this prepubertal pruning may sharpen the 
patterns of connectivity required for adult levels of per-
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formance. Furthermore, these intrinsic axon collaterals 
may be selectively, or at least preferentially, pruned 
during puberty. For example, about 70% of callosal ax
ons are eliminated during the first 3 postnatal months 
(LaMantia and Rakic 1990), with the number remaining 
stable thereafter, suggesting that these axons may be 
less likely to be involved in the peripubertal attrition of 
DLPFC excitatory synapses. In addition, the size of the 
stripelike fields formed by the axon terminals that fur
nish intrahemispheric associational projections between 
different regions of the DLPFC does not change during 
puberty, and late developmental changes in the density 
of axonal varicosities are more limited for associational 
than intrinsic projections (Woo et al. in press). 

TEMPORALLY AS SOCIA TED REFINEMENTS IN 
SYNAPTICALL Y LINKED COMPONENTS OF 

DLPFC CIRCUITRY 

To summarize, during adolescence the number of axo
spinous synapses in the primate DLPFC appears to de
cline preferentially in the supragranular layers, to affect 
predominantly the excitatory input to pyramidal neu
rons located in these layers, and to be associated with a 
decrease in the number of intrinsic connections furnished 
by the axon collaterals of these neurons. Together, these 
findings suggest that the excitatory connections linking 
spatially segregated populations of pyramidal neurons 
in the supragranular layers of the DLPFC are substan
tially refined during adolescence. They also raise the 
question of whether similar developmental changes are 
seen in other types of inputs to these pyramidal neurons. 
For example, the chandelier class of local circuit GABA 
neurons provides an important source of inhibitory reg
ulation of pyramidal regions. The axon terminals of 
chandelier neurons are arrayed as morphologically dis-
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Figure 2. Age-related changes in the mean 
densities of spines on the dendrites of layer 
3 pyramidal neurons (solid diamonds) and of 
parvalbumin (PV)-containing chandelier 
neuron axon cartridges (open circles) in mon
key DLPFC. Note the parallel time course of 
developmental changes in these markers of 
excitatory and inhibitory inputs to layer 3 
pyramidal neurons. Adapted from Ander
son et al. 1995. 

0 ...... ..--......... --.---;---;-.....,.....--;-.,--,--,=,,,......,.---r-r--.----r---H-..--,.---.--,----r-+-0 

0 100 200 300 400 800 900 

Postnatal Age in Weeks 



NEUROPSYCHOPHARMACOLOGY 1997-VOL. 16, \JO. 6 

tinct cartridges that form symmetric, inhibitory syn
apses on the axon initial segment of pyramidal neurons 
(Szentagothai and Arbib 1974; Jones 1975; Somogyi 
1977; DeFelipe et al. 1985). These axon cartridges can be 
identified by the presence of the calcium-binding pro
tein, parvalbumin (PY) (DeFelipe et al. 1989; Lewis and 
Lund 1990; Conde et al. 1994), and consequently the 
PY-immunoreactive axon cartridges of chandelier neu
rons located in layer 3 are likely to provide inhibitory 
input to layer 3 pyramidal neurons (Figure 1). Interest
ingly, the number of PY-positive axon cartridges in 
monkey DLPFC also undergoes substantial changes dur
ing postnatal development (Lewis and Lund 1990; Akil 
and Lewis 1992; Anderson et al. 1995). As shown in Fig
ure 2, the density of PY-labeled cartridges increases rap
idly during the first 3 months of postnatal development, 
undergoes a plateau period that lasts until at least 1.5 
years of age, and then declines during the peripubertal 
age range to stable adult values (Anderson et al. 1995). 

Although the change in density of PY-labeled axon 
cartridges could possibly be due to parallel develop
mental shifts in the number of chandelier neuron axon 
terminals or in the number of varicosities per cartridge, 
such changes have not been observed in Golgi studies 
of chandelier neurons in monkey DLPFC (Lewis and 
Lund 1990; Lund and Lewis 1993). For example, Golgi
impregnated chandelier neuron axon cartridges are 
clearly present in DLPFC layer 3 in both neonatal and 
adult monkeys; by contrast, in these same animals PY
immunoreactive cartridges are either not detectable or 
quite low in density (Lewis and Lund 1990). In addi
tion, neither the number nor laminar distribution of PY
positive neurons in the DLPFC changes during adoles
cence (Conde et al. 1996). Thus, it seems likely that the 
observed changes in the number of PY-positive car
tridges reflect developmental shifts in the level of PY 
immunoreactivity per cartridge. 

Because levels of PY immunoreactivity appear to be 
correlated with neuronal activity (Heizmann 1984; Ce
lia 1986; Kawaguchi 1995), the developmental changes 
in density of PY-immunoreactive cartridges may reflect 
the level of activity of the inhibitory synapses furnished 
by these axon terminals. Thus, during postnatal devel
opment, at least a subpopulation of chandelier neurons 
may vary their degree of inhibitory control over specific 
populations of pyramidal cells. The striking correlation 
across postnatal development (Figure 2) between the 
densities of PY-labeled cartridges in layer 3 and den
dritic spines on layer 3 pyramidal neurons suggests that 
the strength of inhibitory inputs to these pyramidal 
neurons may change to match the strength of their exci
tatory inputs. Such a coordination between excitatory 
and inhibitory inputs could be achieved by the local 
axon collaterals (i.e., those that arborize within 150 µm 
of the cell body) of layer 3 pyramidal cells contacting 
chandelier neurons (Figure 1), thus increasing or de-
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creasing the activity of the chandelier neurons in con
cert with changes in the excitatory inputs on the spines 
of those pyramidal neurons. Because chandelier neu
rons provide synaptic input to the axon initial segment, 
the site of action potential generation in pyramidal neu
rons, they exert potent inhibitory control over pyrami
dal neuron firing. Furthermore, because the width (250-
300 µm) of the chandelier neuron axon arbor (Lund and 
Lewis 1993) is comparable to that of the stripes of su
pragranular pyramidal neurons, chandelier neurons in 
the middle cortical layers may be specialized for gating 
the output from a given stripe (Figure 1). Thus, given 
that each chandelier cell may innervate up to 300 pyra
midal neurons (Peters 1984), only limited numbers of 
the synapses furnished by the local axon collaterals of 
layer 3 pyramidal neurons within a stripe would need 
to be directed at chandelier neurons. However, the ex
istence of such a synaptic relationship between pyrami
dal neuron local axon collaterals and chandelier neu
rons in monkey DLPFC remains to be established. 

The synchronous developmental changes in the den
sity of dendritic spines and a marker of inhibitory inputs 
to layer 3 pyramidal neurons raise the question of 
whether these changes are linked to postnatal refine
ments in other elements of DLPFC circuitry. For exam
ple, the dopamine innervation of monkey DLPFC also 
undergoes substantial change during postnatal devel
opment (Goldman-Rakic and Brown 1982; Lewis and 
Harris 1991; Lidow et al. 1991; Rosenberg and Lewis 
1995). Dopamine afferents to the primate DLPFC form 
symmetric contacts with dendritic spines and shafts of 
pyramidal neurons (Goldman-Rakic et al. 1989; Smiley 
et al. 1992), as well as with the dendrites of local circuit 
neurons (Smiley and Goldman-Rakic 1993) that contain 
GABA (Sesack et al. 19956). In addition, among GABA 
neurons in the monkey DLPFC, the dendrites of PY
containing cells in the middle cortical layers receive 
dopamine synaptic input (Sesack et al. submitted), 
whereas the calretinin-containing class of GABA neu
rons in the superficial layers do not (Sesack et al. 1995a). 
Consequently, the maturational changes in the dopa
mine innervation of DLPFC layer 3 are of particular inter
est (Figure 1). As summarized in Figure 3, the density of 
varicosities (possible sites of synaptic specializations or 
neurotransmitter release) on dopamine axons in layer 3 
of monkey DLPFC increases during the first few post
natal months (Rosenberg and Lewis 1995), parallel to 
the increase in densities of pyramidal neuron dendritic 
spines and PY-immunoreactive chandelier neuron axon 
cartridges. After a plateau period, dopamine varicosi
ties undergo a second marked increase in density to 
reach peak values between 2 and 3 years of age. The 
number of dopamine varicosities then rapidly declines 
to relatively stable adult levels by 5 years of age. This 
second rise in the density of dopamine varicosities ap
pears to begin prior to the decline in the densities of py-
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ramidal neuron dendritic spines and PV-immunoreac
tive cartridges in layer 3 and to persist until the adult 
levels of these markers of excitatory and inhibitory in
puts are achieved. These patterns suggest that the neu
romodulatory effects of dopamine may influence the 
adolescent refinement of excitatory and inhibitory in
puts to layer 3 pyramidal neurons and that dopamine 
may have a particularly strong influence on cortical in
formation processing around the time of puberty. These 
findings also are of particular interest given the con
verging lines of evidence demonstrating that a certain 
range of dopamine input is critical for optimal perfor
mance of delayed-response tasks (Brozoski et al. 1979; 
Sawaguchi et al. 1986; Sawaguchi and Goldman-Rakic 
1991; Cohen and Servan-Schreiber 1992; Arnsten et al. 
1994; Roberts et al. 1994; Williams and Goldman-Rakic 
1995; Murphy et al. 1996). 

The potential significance of these observations for 
identifying vulnerable neural circuits in schizophrenia 
is further illustrated by their apparent specificity. For 
example, despite the marked developmental changes in 
the density of the dopamine innervation of DLPFC 
layer 3, neither the superficial nor the deep cortical lay
ers in the same region (Figure 3) exhibit any significant 
developmental changes in dopamine innervation (Rosen
berg and Lewis 1995). Furthermore, although the 
dopamine innervation of layer 3 in the entorhinal cortex 
also exhibits significant developmental changes in den
sity, these changes appear to be completed at a much 
younger age (Erickson et al. 1995). In particular, the 
density of dopamine varicosities in the entorhinal cor-
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Figure 3. Percentage change (compared to animals less 
than 1 month of age) in the density of dopamine axon vari
cosities in three different layers of monkey DLPFC. Note the 
marked developmental changes in deep layer 3 (cross-hatched 
bars) and the virtual absence of change in layers 1-2 (solid 
bars) and deep 6 (open bars). Adapted from Rosenberg and 
Lewis 1995. 
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tex peaks at around 6 months of age and then quickly 
declines to stable values that persist throughout adoles
cence and into adulthood. The results of preliminary 
studies also suggest that serotonin axons, which may 
have different synaptic targets from dopamine axons in 
the monkey PFC (Smiley and Goldman-Rakic 1996), ex
hibit limited developmental changes during adoles
cence (Kye et al. 1996). 

Finally, in contrast to the synchronous patterns of 
developmental changes in synaptically linked neural el
ements of DLPFC layer 3, the density of cholecystokinin 
(CCK)-positive neurons in layers 1-superficial 3 is most 
prominent at birth and falls to a constant adultlike level 
by 1 year of age (Oeth and Lewis 1993). That is, as the 
densities of dendritic spines, PV-immunoreactive car
tridges, and dopamine varicosities increase, the expres
sion of CCK immunoreactivity declines (Figure 4). 
These CCK-positive cells belong to two classes of local 
circuit neurons (Oeth and Lewis 1990; Lund and Lewis 
1993), narrow arbor neurons connecting layers 2 and 4, 
and medium arbor neurons with axons confined to lay
ers 2 and superficial 3. Although the synaptic targets of 
these CCK-containing neurons remain to be identified, 
they appear to have their major targets in layers 2 and 4, 
respectively, and to lack a direct influence on neuronal 
activity in layer 3. Taken together, these data suggest 
that there is a high degree of specificity in the postnatal 
refinement of monkey DLPFC circuitry and thus sup
port the view that those elements that do change during 
adolescence may be particularly relevant to the patho
physiology of schizophrenia. 
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Figure 4. Differential age-related changes in four compo
nents of primate DLPFC circuitry, plotted as a percentage of 
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positive chandelier neuron axon cartridges in layer 3; dotted 
line, DA varicosities in layer 3; solid line, CCK neurons. See 
text for details. Adapted from Anderson et al. 1995. 
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VULNERABLE DLPFC CIRCUITRY IN 
SCHIZOPHRENIA 

As summarized in Figure 1, recent studies have shown 
that DLPFC layer 3 pyramidal neurons, certain classes 
of local circuit GABA neurons, and dopamine afferents 
(1) are synaptically-linked; (2) undergo substantial, 
temporally associated maturational changes during ad
olescence; and (3) may be critical components of the 
neural substrate for delayed-response tasks. Thus, 
given the impairments in delayed-response type tasks 
exhibited by schizophrenia subjects and the apparent 
importance of adolescence-related developmental 
events in the onset of this disorder, these components of 
DLPFC neural circuitry may be particularly likely to be 
disturbed in schizophrenia. The results of preliminary 
studies of postmortem human brain are consistent with 
this hypothesis. For example, in schizophrenic subjects, 
mean neuronal size has been reported to be decreased 
in layer 3, especially in the deep portions of this layer 
(Rajkowska et al. 1994). In addition, although the num
ber of small and medium neurons was increased by 
60% to 140% in all cortical layers in schizophrenic sub
jects, the number of large cells in layer 3 was signifi
cantly decreased. These findings suggest that large neu
rons (which are predominantly pyramidal cells) in layer 
3 of the DLPFC have either atrophied or failed to 
achieve their normal size in schizophrenics, perhaps as 
a consequence of diminished afferent input. Further
more, two preliminary reports indicate that the density 
of dendritic spines on layer 3 pyramidal cells is de
creased in schizophrenic subjects (Garey et al. 1995; 
Glantz and Lewis 1995), an observation consistent with 
a decreased complement of excitatory synapses on these 
cells. Whether this abnormality is due to an aberration 
in the normal decline of these synaptic inputs during 
adolescence or to a disturbance in synaptogenesis ear
lier in development cannot be determined from these 
data. However, in either case, they are consistent with 
the idea that the number of reciprocal, intrinsic excita
tory connections among the stripelike clusters of layer 3 
pyramidal neurons in the DLPFC are deficient in schizo
phrenia and that this circuitry abnormality contributes to 
the impaired performance on delayed-response tasks 
seen in schizophrenic subjects. The possible relationships 
between deficits on these types of tasks and the clinical 
symptoms of schizophrenia have been discussed else
where (Goldman-Rakic 1991; Fuster 1993; Lewis and 
Anderson 1995). 

CONCLUSION 

Although many recent studies have focused on the po
tential importance of early developmental events in 
schizophrenia, the question of why the onset of clinical 
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symptoms is delayed until late adolescence or early 
adulthood remains unanswered. The studies reviewed 
above demonstrate that substantial refinements occur 
in the functional architecture of the primate DLFPC 
during this late developmental period and suggest that 
these changes may reveal the elements of DLPFC cir
cuitry, namely layer 3 pyramidal neurons and their in
puts and axonal targets, that are likely to be involved in 
the pathophysiology of schizophrenia. 

Further understanding of the role of this circuitry in 
schizophrenia can be obtained from both monkey and 
human studies. For example, although the studies de
scribed above clearly indicate that substantial changes 
in the functional architecture of the macaque monkey 
DLPFC occur between the ages of 2 and 4 years, addi
tional animals within this age range need to be studied 
to determine the precise time course of these changes, 
their temporal relationship to the process of sexual mat
uration, and the potential influence of gonadal steroids 
on refinements in DLPFC circuitry. In addition, it is not 
known whether the timing of these changes differs be
tween males and females, an observation that may be 
particularly important given the tendency for females 
to first manifest the symptoms of schizophrenia at a 
later age than males (see Castle and Murray 1991 for re
view). 

Although there are obvious difficulties in determin
ing precisely how the timing of the changes in DLPFC 
circuitry in monkeys correlate with human develop
ment, the parallel findings across species in both the an
atomical and behavioral studies conducted to date sug
gest that the period of 2 to 4 years of age in monkeys 
can be considered analogous to the second decade of 
human life. As the pathophysiological processes under
lying schizophrenia begin before a first hospitalization 
or first reported experience of psychotic symptoms, de
velopmental changes that occur during the teenage 
years are likely to be of particular relevance (Haas and 
Sweeney 1992; Larsen et al. 1996). In addition, although 
the same sequence of developmental events is likely to 
occur in each person, the exact timing may differ sub
stantially across individuals, perhaps providing an
other source for differences among schizophrenic sub
jects in the age of symptom onset. 

The preliminary results of postmortem studies have 
produced supporting evidence for the hypothesis that 
the circuitry depicted in Figure 1 is altered in schizo
phrenia, but additional studies need to be undertaken. 
In concert with the results of other investigations, a 
number of specific lines of inquiry can be identified. For 
example, levels of the mRNA for glutamic acid decar
boxylase (GAD), the enzyme that controls GABA syn
thesis, have been reported to be decreased in the 
DLPFC of schizophrenic subjects (Akbarian et al. 1995), 
but whether these changes affect all or only a subpopu
lation of GABA neurons is not known (Lewis 1995). The 
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fact that the PY-containing chandelier class of local cir
cuit GABA neurons preferentially targets pyramidal 
neurons and undergoes late developmental changes 
suggests that alterations in GAD expression may be 
present in these neurons, a hypothesis that is readily 
testable in postmortem investigations. Consistent with 
this hypothesis, the density of chandelier neuron axon 
cartridges immunoreactive for the GABA-1 transporter 
appears to be decreased in the DLPFC of schizophrenic 
subjects (Woo et al. 1996). 

It also should be noted that the diagram in Figure 1 
does not include other potentially important components 
of DLPFC circuitry that may be vulnerable in schizo
phrenia, such as projections from the medial dorsal tha
lamic nucleus that terminate in cortical layers 4 and 
deep 3 (Giguere and Goldman-Rakic 1988). Although 
the synaptic targets of these afferents have not been in
vestigated in primates, they are in position to provide 
synaptic input to the basilar dendrites of layer 3 pyra
midal neurons and/ or the PY-containing neurons in 
these layers. Knowledge of the synaptic targets of the 
thalamic inputs to the DLPFC and the extent to which 
the organization of these afferent projections undergoes 
late developmental changes may be of particular value, 
especially in light of the reported abnormalities of pre
frontal subplate neurons in schizophrenia (Akbarian et 
al. 1993, 1996; Anderson et al. 1996) and of the critical 
role played by subplate neurons in the formation of 
thalamocortical connections (Ghosh et al. 1990). Thus, 
developmental studies of the thalamic projections to the 
DLPFC may provide additional insight into the relation
ship between abnormalities in the thalamus (Pakkenberg 
1990; Andreasen et al. 1994a; Buschbaum et al. 1996; Fra
zier et al. 1996) and the DLPFC in schizophrenia. 
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