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Concurrent Overproduction of Synapses in Diverse
Regions of the Primate Cerebral Cortex

PAsko RAKIC, JEAN-PIERRE BOURGEOIS, MARYELLEN F. ECKENHOFF,
NADA ZECEVIC, PATRICIA S. GOLDMAN-RAKIC

Synapses develop concurrently and at identical rates in different layers of the visual,
somatosensory, motor, and prefrontal areas of the primate cerebral cortex. This
isochronic course of synaptogenesis in anatomically and functionally diverse regions
indicates that the entire cerebral cortex develops as a whole and that the establishment
of cell-to-cell communication in this structure may be orchestrated by a single genetic
or humoral signal. This is in contrast to the traditional view of hierarchical develop-
ment of the cortical regions and provides new insight into the maturation of cortical

functions.

HE CEREBRAL CORTEX IS DIVIDED

into numerous cytoarchitectonic ar-

eas that are specialized structural and
functional units (1). Cortical differentiation
is most fully expressed in the human brain
and underlies the subdivision of the cortex
into sensory, motor, and associative systems.
Although this cortical diversity is of major
conceptual and biomedical importance, the
mechanisms of its development are un-
known (2, 3). Studies based on histological
and histochemical parameters such as the
density and distribution of myelin (4), levels
of various enzymes (5), and metabolic activi-
ty (6) tend to support a hierarchical model
of cortical development in which primary
sensory and motor areas mature before adja-
cent secondary areas, and the association
regions differentiate last. Although this
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model has had a major influence on physio-
logical and psychological studies (7), a num-
ber of recent findings are not entirely con-
sistent with it. For example, neurons in the
primary visual cortex begin and complete
their genesis later than neurons in the adja-
cent secondary visual areas (8), and the
columnar organization of connections in the
prefrontal association cortex (9) emerges
prior to that of ocular dominance columns
in the primary visual cortex (10).

We examined the pre- and postnatal
course of synaptogenesis in five areas of the
monkey cerebral cortex that mediate, respec-
tively, visual, somatosensory, motor, asso-
ciative, and limbic functions. On the basis of
the available literature (3-6), we expected
that synaptogenesis would proceed in clearly
segregated waves in different cortical re-

gions, with the sensory areas achieving mat-
uration earlier than association areas. We
also predicted that synaptogenesis would
exhibit laminar specificity, and perhaps fol-
low the inside to outside pattern of cortical
neurogenesis (11) or the sequence of in-
growth of various afferents. Contrary to
these expectations, however, our results re-
vealed a simultaneous synaptogenesis in all
areas and layers examined.

Rhesus monkeys (Macaca mulatta) of var-
ious pre- and postnatal ages were perfused
with mixed aldehydes (12), and 1 by 2 by 3
mm blocks were dissected from the visual,
somatosensory, motor, and prefrontal corti-
ces, and the dentate gyrus of the hippocam-
pus, and processed for electron microscopic
analysis (Fig. 1). More than 500,000 synap-
ses were identified from 22 monkeys in a
total of 25,000 electron micrographs.
Twenty percent of these synapses were se-
lected randomly for further classification on
the basis of their termination (on spines,
dendritic shafts, or somas) or their morphol-
ogy (symmetrical or asymmetrical) in each
layer (13). The data are expressed as density
of synapses per unit area of neuropil to
provide a measure that is unaffected by age-
related changes in the extracellular space, by
the growth of neuronal perikarya, or by the
addition of glial cells, myelin sheaths, or
blood vessels.

Section of Neuroanatomy, Yale University School of
Medicine, New Haven, C%' 06510.
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Fig. 1. (A) The lateral surface of the left cerebral
hemisphere (bottom) and the medial surface,
inverted (top), show the five cortical areas exam-
ined: a, motor cortex (Brodmann’s area 4) in
precentral gyrus; b, somatosensory cortex (area 1)
in the postcentral gyrus; c, prefrontal cortex (area
9) in the upper bank of the principal sulcus; d,
visual cortex (area 17) in the upper bank of the
calcarine fissure; and e, molecular layer in the
dentate gyrus (area 34). The blocks were post-
fixed in osmium, embedded in Epon-Araldite,
and 600-angstrom sections were cut across the
entire width of the cortex. (B) An outline of an
ultrathin section across the visual cortex (d), as an
example. The two vertical lines (P1 and P2)
indicate the localization of two probes each yield-

ing about 100 electron micrographs that were printed at a final magnification of x14,000. Similar
probes were prepared for other cortical areas except the dentate gyrus, where probes were taken only
across the width of the molecular layer of the suprapyramidal and infrapyramidal limbs.

During the last 2 months of gestation,
synaptic density increased at a rapid rate in
the five cortical areas examined, reaching
between 15 and 20 synapses per 100 pm? of
neuropil by the time of birth (Fig. 2).
Although this density is about the same as in
sexually mature adults, it continued to in-
crease during infancy and remained above
adult levels for about the same length of
time in all five areas (Fig. 2, A-E). The
highest density ranged from 26 synapses per
100 wm? in the prefrontal cortex (Fig. 2C)
to 34 synapses per 100 pm? in the visual
cortex (Fig. 2D). Analysis of covariance
revealed no significant differences among
the slopes of increase in the four neocortical
areas (Fig. 2, A-D), but the slope of the
increase in the dentate gyrus (Fig. 2E) was

(P <0.001) (14). This lag in the rate of
synaptic increase in the dentate gyrus might
be because the dentate gyrus, unlike the
neocortex which has a full complement of
neurons before birth (11), acquires addi-
tional neurons during the first three postna-
tal months (15).

Synaptogenesis proceeded concurrently in
all cortical layers; the density of synapses per
unit area of neuropil in the relatively cell-
poor layer I was not substantially different
from that in neuron-rich layers II through
VI in any of the five areas examined. Al-
though the distribution of various classes of
synapses differed from area to area as well as
from layer to layer (16), the density per unit
area of neuropil of all synaptic types com-
bined was nevertheless similar in all areas

Synaptic density increased for several
months after birth before beginning to de-
cline in all layers and areas (Fig. 2). The
decline occurred rapidly at first and then
slowed during the second half of the first
year; after this there was an even more
gradual reduction throughout life (Fig. 2).
The decrease in synaptic density cannot be
attributed to dilution caused by an increase
in cortical volume since extracellular space,
neuronal somata, glial cells, and other tissue
elements such as blood vessels and myelin
sheaths were not included in our measure-
ment. Furthermore, the percentage of neur-
opil in the cortex does not change apprecia-
bly during the period of synaptic decrease in
the rhesus monkey (17). Finally, if the de-
crease in synaptic density were due to dilu-
tion, we would expect all classes of synapse
to be affected similarly. However, synapses
situated on dendritic spines, which make up
60 to 70 percent of the cortical synapses in
the rhesus monkey, sustained the largest
share of this loss. Synapses on dendritic
shafts (30 to 40 percent) and cell somas
(below 1 percent) contributed less to the
age-related changes. In addition, the ratio
between asymmetrical and symmetrical syn-
apses changed in the prefrontal cortex from
4:1 at birth to 7:1 during the 4th month,
and then again reached 4:1 at puberty.
Changes in this ratio in the motor cortex
were even larger—7:1 at birth, 24:1 during
the 4th month, and again 7:1 in adult
animals. We can conclude, therefore, that
the decrease in synaptic density is achieved

lower than that of each other area and layers. by elimination of synapses. Furthermore,
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Fig. 2. Histo;rams of the density of synapses
per 100 um® of neuropil in (A) motor, (B)
somatosensory, (C) pretrontal, (D) visual, and
(E) limbic cortices at various ages. Each black
circle represents the value obtained from a
single electron microscopic probe (Fig. 1).
Dotted horizontal stripe denotes average syn-
aptic density in the adult monkey for each
area. Age is presented in conceptional days on
a logarithmic scale in order to fit the entire life
span of the monkey onto a single graph.
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synaptic density finally stabilizes at the same
value of 15 to 20 synapses per 100 pm? of
neuropil in all five regions examined (dotted
stripes in Fig. 2). This value is similar to that
found previously for structures of the pri-
mate brain as different as the retina and
neostriatum (18). The value of 15 to 20
synapses per 100 um? of neuropil may be
structurally, metabolically, or physiological-
ly optimal. Whether this value is species-
specific remains to be determined.

Although transient overproduction of
synapses could be predicted from previous
observations made in various species (19), as
well as in human cortex (20), our study
compares the timing and magnitude of these
events in different cortical layers and brain
regions from the same specimens. The
isochronic course of synaptogenesis in the
primate cerebral cortex during infancy was
unexpected because, since the time of Flech-
sig (4), the areas examined have been
thought to mature anatomically, biochemi-
cally, and functionally at different rates (3,
5-7). It was also unexpected that synaptic
density increased at identical rates in all
cortical layers, since neurons of each layer
are generated at different times (8, 11) and
receive different ratios of monoaminergic,
thalamic, cortico-cortical, and local synaptic
connections (21). The simultaneous “over-
shoot” phase in diverse areas and layers of
the cortex and the final common density
achieved suggests that the cortex develops as
a whole rather than regionally, and that
formation of synapses throughout the entire
cortical mantle may be regulated by com-
mon genetic or humoral signals. Simulta-
neous overproduction of synapses may be
essential for competitive interactions be-
tween extrinsic afferents such as the compe-
tition that has been postulated between the
projections of the two eyes during the for-
mation of visual centers (10, 22). Our re-
sults, as well as other recent studies on the
visual (22) and peripheral (23) nervous sys-
tems, suggest that if experience alters synap-
tic number during development it does so
by causing selective survival of certain syn-
apses, and not by regulating their initial
formation.

Our findings contrast with the classical
view of a hierarchical sequence of functional
development from the sensory to motor,
and finally to associative functions (7).
However, they may help to explain certain
behavioral findings that were heretofore
puzzling. For example, rhesus infants as
young as 2% months of age have the capaci-
ty to tactually discriminate texture and size
differences at the level of an adult monkey
(24). Likewise, visual tracking of small ob-
jects, visually guided reaching, and discrimi-
nation of facial features, skills indicative of
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visual cortical function, appear between 1%,
and 2 months (25); visual object discrimina-
tion performance first becomes possible at
about 2 months of age (26, 27). Although
fully independent use of the digits does not
mature until between 7 and 8 months after
birth, some independent finger usage begins
at 2 months and is quite efficient by 4
months (28). Numerous other indices of
adult posture and progression, as well as
regression of infantile motor reflexes com-
monly attributed to the development of
“descending” control, occur around 2
months of age (29). Performance on a mem-
ory task sensitive to hippocampal damage in
adult rhesus monkeys is possible at 2
months and reaches mature levels at approx-
imately 4 months of age (27). Delayed-
response performance follows a similar on-
togenetic sequence (30). The latter task
measures cognitive functions that are medi-
ated by the principal sulcus from which the
prefrontal sample was taken in our study
3D).

Thus, various indices of sensory, motor,
limbic, and associative cortical function are
all expressed between 2 and 4 months of
age, a time period which coincides with
excess synapse production. The attainment
of these behavioral milestones within the
first few postnatal months indicates that the
synchronous production of a critical mass of
synapses in each cortical area may be essen-
tial for their parallel emergence. However,
behavioral competence continues to increase
beyond the stage of excess synapses. This
suggests that full functional maturation may
be related to synapse elimination and acqui-
sition of synaptic efficiency at the molecular
level. Increasingly complex cortical capaci-
ties might also evolve from the accretion and
storage of information and subsequent in-
teractions among cortical areas rather than
from further changes in the number of
synaptic contacts.
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Multiple Sensitive Periods in the Development of the

Primate Visual System

RonaLD S. HARWERTH, EARL L. SMiTH III, GArRY C. DUNCAN,
M. L. J. CRawrORD, GUNTER K. vON NOORDEN

Early in life, abnormal visual experience may disrupt the developmental processes
required for the maturation and maintenance of normal visual function. The effects of
retinal image deprivation (monocular form deprivation) on four psychophysical
functions were investigated in rhesus monkeys to determine if the sensitive period is of
the same duration for all types of visual information processing. The basic spectral
sensitivity functions of rods and cones have relatively short sensitive periods of
development (3 and 6 months) when compared to more complex functions such as
monocular spatial vision or resolution (25 months) and binocular vision (>25
months). Therefore, there are multiple, partially overlapping sensitive periods of
development and the sensitive period for each specific visual function is probably

different.

FUNDAMENTAL CONCEPT OF VISU-

al development is that there are

“critical” or “sensitive” periods dur-
ing which the infant sensory system requires
adequate stimulation for neural information
processing mechanisms to progress toward
their normal, adult characteristics (1). Dur-
ing this sensitive period, there is consider-
able nervous system plasticity and adverse
environmental factors can disrupt the nor-
mal developmental process. After the sensi-
tive period is over, abnormal sensory envi-
ronments can no longer permanently modi-
fy the response properties of visual system
neurons. However, recent studies have
shown that there is not a unitary sensitive
period for the whole visual system, but
rather, the sensitive periods of development
are different for various levels of the visual
pathway (2). Even at a given level, the
different response characteristics of visual
neurons have different sensitive periods (3).
Therefore, psychophysical measures of visu-
al system function would be expected to
show different sensitive periods for the pro-
cessing of different types of visual stimuli.
This prediction is confirmed here by the
results of behavioral studies of sensitive peri-
ods of visual development in monkeys. Spe-
cifically, we found that (i) the sensitive
period for scotopic spectral sensitivity, an
index of the ability of the rod system to
respond to various wavelengths of light,
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ends at about 3 months of age, (ii) the
sensitive period for photopic increment
threshold spectral sensitivity, an index of
cone information processing, is over by 6
months of age, (iii) the sensitive period for
spatial vision (spatial modulation sensitivity,
a measure of form vision) lasts until about
25 months of age, and (iv) the sensitive
period for binocular vision (binocular sum-
mation) is longer than 25 months.

The durations of the sensitive periods
were determined from an investigation of
the alterations of visual function produced
by monocular form deprivation (lid suture)
initiated at various ages ranging from 1 to
25 months. The duration of deprivation was
18 months for each of the 11 rhesus mon-
keys (Macaca mularta) that we used (4).
This relatively long period of monocular
deprivation was used so that any remaining
plasticity within the visual system would be
minimal after the eyelids were parted and
the vision defects caused by the deprivation
would be stable. At the end of the depriva-
tion period the animals were trained to
perform a psychophysical detection task,
which has been described (5). The task
required the monkey to press and hold
down a response lever to initiate a trial and
then to release the lever within a criterion
time (6) after a visual test stimulus was
presented. If the animal released the lever
within the criterion time, we assumed that

he had detected the stimulus and we reward-
ed him with a tone (1.6 kHz) and, in 75
percent of the trials, with liquid (0.5 ml of
orange juice). After each rewarded trial we
reduced the intensity of the test stimulus by
0.1 or 0.05 log units for the next trial. This
trial sequence was continued until the ani-
mal failed to release the lever within the
criterion time in two consecutive trials. The
intensity of the stimulus at this time is
defined as the threshold intensity for the
particular test wavelength or spatial frequen-
cy. The same basic procedure was used to
collect data for scotopic spectral sensitivity
functions, photopic increment threshold
spectral sensitivity functions (3000 Troland
achromatic background), and spatial modu-
lation sensitivity functions for monocular
and binocular viewing conditions (7).

The shortest sensitive period was found
for scotopic spectral sensitivity. Although
the dark-adapted spectral sensitivity func-
tions for both eyes of all of the monkeys
were well fit by the scotopic luminosity
function for the standard human observer
(8), the sensitivities of the deprived eyes of
the subjects initially deprived at either 1 or 2
months of age were considerably depressed
(3 to 4 log units) when compared to the
sensitivities for their nondeprived eyes (Fig.
1A). In contrast, in all of the monkeys which
were form deprived at 3 months of age or
later, the two eyes had equal sensitivities.
The sensitivity ratios in Fig. 1A are for a test
wavelength near the peak of the scotopic
spectral sensitivity function (500 nm), but
since the shapes of the curves were invariant,
the ratios are also representative of any other
wavelength. Therefore, form deprivation in-
stituted early in life caused substantial senso-
ry deficits for visual functions mediated by
the rod photoreceptors. However, the peri-
od of sensitivity for these deficits ended by 3
months of age.

The sensitive period for the neurosensory
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