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Responsiveness and Somatotopic Organization of
Anterior Parietal Field 3b and Adjoining Cortex
in Newborn and Infant Monkeys
L. A . Krubitzer and J . H . Kaas’ Department of Psychology,
Vanderbilt University, Nashville, Tennessee 37240
Abstract Microelectrodes were used to record from somatosensory
areas 3b and adjoining areas 3a and 1 in newborn monkeys. At birth,
area 3b was responsive to cutaneous stimuli and had an adult-like
somatotopic organization in marmosets and one squirrel monkey,
while areas 1 and 3a had only limited responsiveness. In newborn
macaque monkeys, cortex was unresponsive to cutaneous stimuli;
however, by I month, areas 3b and 1 appeared to be adult-like in
responsiveness and somatotopic organization.
Key words somatosensory cortex, macaque monkeys, marmosets,
squirrel monkeys

Currently, there is little information on the topographic organization of cortical
sensory representations at the time of birth. Rubel (1971) demonstrated that primary
somatosensory cortex (SI) of cats is roughly adult-like in somatotopic organization
at birth, but the maturity of cortex at birth is not known for other representations or
for other mammals. In the present study, we compare the responsiveness and somatotopic organization of the somatosensory cortex in newborn and older monkeys.
Such comparisons relate to currently viable conclusions about developing sensory
systems.
One common conclusion about the developing brain is that the behavioral consequences of damage to the sensory cortex vary with age, and the recovery and
ability to compensate for damage are greater after lesions in newborn than adult
mammals (e.g., Kennard, 1942; Benjamin and Thompson, 1959; Scharlock et al.,
1963; Wetzel et al., 1965; Tucker et al., 1968; Goldman, 1971; Murphy et al., 1975;
see also Meyer and Meyer, 1984, for review). In particular, lesions of subdivisions of
the anterior parietal somatosensory cortex in newborn monkeys appear to produce
less severe impairments in perceptual abilities than in adults (Carlson, 1984). The
reasons for such age-related differences are not clear, but if sensory representations
are more diffusely organized in newborns than adults, then seemingly comparable
lesions may not equally deprive newborns and adults of the neural substrate for
performance.
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A second general conclusion relevant to the present study is that cortical maps
of receptor surfaces are not static, but are capable of some level of reorganization
following the removal of inputs or alterations in the efficacy of inputs (see Kaas et
ul., 1983, for review). Such plasticity is characteristic of both adult and developing
nervous systems, but the general view is that a greater capacity for reorganization
exists in newborn animals. For instance, results from a recent study in cats support
the view that the magnitude of cortical reorganization is age-dependent. McKinley et
al. (1987) used spinal cord lesions to deprive a large portion of SI of normal activation from the hindlimb. In cats lesioned 2 weeks after birth and studied 4 months
later, the deprived “hindlimb” portion of SI was found to be responsive throughout
to stimuli on the trunk and forelimb. When the same procedure was repeated in
somewhat older cats, 6 weeks after birth, these other inputs from the trunk and
forelimb failed to fully activate the “hindlimb” region of SI. Thus, a major reorganization of SI occurs after removing the source of a sensory input in 2-week-old but
not 6-week-old cats. One possibility in such studies of plasticity is that the greater
capacity for reorganization in young mammals (also see Kalaska and Pomeranz,
1979; Kelahan and Doetsch, 1984) is related to an immaturity in the somatotopic
organization of the sensory maps.
A third basic conclusion related to the present investigation is that the organization of developing sensory maps is in part dependent on neural activity patterns
(see Constantine-Paton, 1982; Stryker, 1982; Kaas, 1988). Since the prenatal and
postnatal environments are quite different, it seems possible that cortical maps of
skin receptors could change substantially in organization after birth as a result of
major changes in the ways sensory receptors are activated. This possibility remains
largely untested.
In the present study, we used microelectrode recording techniques to investigate the responsiveness and organization of area 3b and adjoining regions of somatosensory cortex in monkeys soon after birth. Because different monkey species are
born at different levels of maturity, it was uncertain how results obtained from one
species at birth apply to other species. Thus we considered more precocial New
World marmoset monkeys and squirrel monkeys, born with enough sensorimotor
development to enable them to hold onto their mothers without assistance, and more
altricial Old World macaque monkeys, born with less developed sensorimotor skills
and requiring some maternal assistance (Shively and Mitchell, 1986). Because somatosensory cortex of newborn macaque monkeys was unresponsive to cutaneous
stimuli, we extended the study to include one macaque of 1 month of age. A brief
report of some of the findings has been presented elsewhere (Krubitzer and Kaas,
1987).

METHODS
The New World monkeys in this study were infants that were neglected or rejected
by mothers, and they would have died without careful handrearing. Microelectrode
recordings were made from two newborn (I-day-old) marmosets (Cullithrixjucchus),
one newborn squirrel monkey (Suirniru sciureus), two newborn macaque monkeys,
and a 1-month-old macaque monkey (Macacafusciculuris). In all these species, the
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responsiveness and organization of areas 3b and 1 had been previously studied in
adult monkeys, and procedures closely followed those used for adults (Nelson er al.,
1980; Sur er al., 1982; Carlson et al., 1986).
At the start of each experiment, each monkey was anesthetized with ketamine
hydrochloride (20-70 mg/kg) supplemented with acepromazine maleate (4.3 mgkg);
additional injections were given as needed to maintain anesthesia (see White et al.,
1982). In addition the incision line along the scalp was infused with 2% xylocaine
hydrochloride as a local anesthetic. The portion of the skull over somatosensory
cortex was removed, the dura was retracted, and the exposed cortex was covered
with silicone fluid to prevent desiccation. A photograph was taken of the cortex, and
an enlarged print was prepared so that microelectrode penetrations could be sited
accurately. The animal’s body temperature was maintained at 3730°C by a thermostatically controlled warm-water heating pad.
Recordings were obtained with low impedance (0.9-1.2 Mil at 1,OOO Hz) tungsten microelectrodes advanced through the cortex with a stepping microdrive while
the skin was stimulated by tapping and brushing. Recordings were generally obtained
within the middle layers of cortex (500-1000 pm in depth) where neurons were most
reliably driven by peripherial stimuli. In macaque monkeys, where the central sulcus
is well developed at birth and much of area 3b is in the caudal bank of the central
sulcus, electrodes were advanced down the bank of the sulcus in approximately the
middle layers of the cortex and recordings were obtained at successive distances of
approximately every 200 pm. After the body region activating neurons at a recording
site was localized, the receptive field was carefully determined by stimulating the
skin and moving body hairs with fine wires and glass probes. The receptive field was
judged to be the area of skin where near threshold stimulation (moving hairs or
lightly touching the skin) produced a clear neural response. Previously, we have
referred to these as “minimal receptive fields,” since more intense stimulation can
result in larger receptive fields (e.g., Nelson et al., 1980; Sur et al., 1982; Carlson el
al., 1986).
Favorable recording conditions were generally maintained for a period of 4 to 6
hr, after which the monkeys were deeply anesthetized and perfused transcardially
with 0.9% saline followed by 10% formalin in saline. The brains were removed and
photographed. For the marmoset brains, the cortex was peeled from the rest of the
brain and flattened between glass plates placed in 10% formalin in saline. Other
brains were stored in 10% formalin in saline, which was changed to a solution
including 30% sucrose to aid cutting on the freezing microtome. The marmoset
brains were sectioned (40 pm) parallel to the cortical surface, whereas the squirrel
monkey and macaque monkey brains were sectioned (50 pm) in the parasagittal
plane. Alternate sets of brain sections were stained for cell bodies with cresyl violet
or for myelin with the Gallayas (1979) silver procedure.
RESULTS
In the present study, we compare the responsiveness, somatotopic organization, and
architecture of area 3b and the adjoining cortex of newborn and adult marmosets,
squirrel monkeys, and macaque monkeys. Further observations are included on a
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1-month-old macaque monkey. The location of area 3b and the relative sizes of the
brains for adult and newborn monkeys of the study are shown in Figure 1.
MARMOSETS

Recordings were obtained from two newborn marmosets. The results indicate that
major features of the topographic organization of the primary field, area 3b, as well
as some of the responsiveness of adjoining fields 3a and 1 are in place at the time of
birth.
Our understanding of the location, extent, and somatotopic organization of area
3b in normal adult marmosets is based on the study of Carlson et al. (1986) on the
closely related tamarins, as well as several recent studies on marmosets (Huerta et
al., 1986; Krubitzer and Kaas, 1986; Wall et al., 1986). Results from these studies
indicate that neurons within 3b are responsive to light tactile stimulation of the
contralateral body surface. As in other primates, the general progression of body
part representation is from hindfoot to face and mouth in mediolateral cortical se-

FIGURE
1. Dorsolateral view of the brains of adult (left) and newborn (right) (A, B) marmosets, (C, D) squirrel monkeys, and (E, F) macaque monkeys indicating the locations of area
3b of somatosensory cortex. The central sulcus has been opened for macaque and squirrel
monkeys, and a dashed line indicates the bottom of the sulcus. Calibration bar: 10 mm.
182
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quence. Although there is variation from case to case in the amount of cortical
temtory devoted to given skin surfaces, and in the relative location of some skin
surfaces, especially dorsal hand surfaces, the overall somatotopy of 3b is highly
consistent from animal to animal. Recording sites in area 3b result in orderly progressions of receptive fields, and the receptive fields are of the order of size shown
in Figure 2. Receptive fields on the glabrous hand, which activates a large proportion
of area 3b, are small and often restricted to a portion of a single digit or a part of the
palm, whereas receptive fields on the trunk, which is sparsely represented in the
cortex, typically include a significant portion of the trunk.
In newborn marmosets, the location and shape of area 3b were similar to that of
adults (Fig. IB). Neurons in 3b responded crisply to light tactile stimulation and the
moving of hairs. Whereas the small body parts in newborn marmosets made it
difficult to delimit receptive fields precisely on glaborous skin surfaces, the receptive
fields obtained from brushing hairs on the hairy skin could be delimited with assurance. Typical receptive fields occupied about the same proportions of skin surfaces
as in adults (cf. Figs. 2 and 3). Of course, since the newborn marmoset is much
smaller than the adult, the receptive fields were absolutely much smaller than in the
adult. As in adults, receptive fields on the forepaw digits of the newborns were
largely on a single digit. Typically, the major response was evoked by stimulating the
claw of a single digit, whereas a weak response or no response was obtained by
stimulating adjoining digits. Strong responses from two digits were uncommon.
Recordings were obtained from a mediolateral sector of area 3b of newborn
marmosets that extended from the trunk representation to that of the upper lip
representation. Comparisons of the results from infants (Fig. 3) with those from
adults (Fig. 2) reveal many somatotopic similarities. The most medial recordings in
the newborn marmoset 86-46 were from the part of area 3b devoted to the trunk.
Recording sites near the rostral border of area 3b (Fig. 3, upper) had receptive fields
on the back that extended to the body midline, whereas more caudal recording sites
related to receptive fields on the lateral and ventral trunk. These observations suggest that, as in 3b in the normal adult marmoset, the back is represented rostral to the
belly. In the cortex immediately lateral to the trunk representation, recording sites
were found related to the forelimb and neck. Parts of the forelimb and neck are
commonly found represented between the trunk and hand in normal adults. More
laterally in 3b, a large block of cortex represents the hand in both adult and newborn
marmosets. In adults, the most lateral part of area 3b is devoted to parts of the face
and oral cavity. Recordings in the newborn marmoset indicated that the lateral
portion of 3b was roughly normal in somatotopy at the time of birth. The receptive
field progression in lower Figure 3, when compared with the progression in lower
Figure 2, shows that in both newborns and adults, receptive fields progress from lower
rostral face to upper caudal face in rostrocaudal recording sequences.
There was a suggestion of some differences in the somatotopic pattern of newborn compared to adults, Generally in primates the glabrous digits 1-5 are represented in a lateromedial sequence with distal digits rostral to proximal digits, and
glabrous pads occupying caudal and medial positions. Hairy surfaces of the hand
tend to be found in islands of tissue largely caudal, medial, and lateral to the representations of the glabrous digits. This general pattern is evident in adult marmosets
183
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FIGURE
2. The somatotopic organization of area 3b in an adult tamarin (Sagiunus) and representative receptive fields. Redrawn and modified from Carlson et al. (1986). Area 3b is
outlined in the upper left (see Fig. 1 for location in parietal cortex). Thin lines divide locations
where recording sites were activated by the designated body parts. Representations of dorsal
hairy surfaces of the hand are shaded. Digits of the hand are numbered from thumb (Dl) to
little finger (DS). Portions of maps from other tamarins are in the upper middle, center, and
lower center. Numbered dots correspond to electrode penetrations and recording sites. The
receptive fields for the numbered recording sites are likewise numbered on the outlines of
body surfaces. HL = hindlimb; FL = forelimb; H = hand; LL = lower lip; UL = upper lip;
M = mouth; TG = tongue; P = palate.
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FIGURE3. The somatotopic organization of area 3b and adjacent cortex of a 1-day-old marmoset, and representative receptive fields. The summary was based on receptive fields for
recording sites marked by dots. Area 3b was identified histologically (see Fig. 1 for the
location of area 3b). W = wrist; N = neck; P = pads. Other conventions as in Figure 2.
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(Fig. 2), but it was not fully apparent in the newborn marmoset (Fig. 3). In the
newborn, the mediolateral segregation of strips of cortex successively devoted to
digits 5-1 was only weakly apparent, and a portion of rostral 3b was activated by
glabrous pads.
Conclusions based on recordings from case 86-46 (Fig. 3) were supported by
results from another newborn marmoset (case 86-43; Fig. 4). Most of area 3b was
found to be responsive to cutaneous stimuli. The hindlimb, trunk, forelimb, hand,
and face were found in a mediolateral sequence across cortex, and the glabrous digits
were rostral to the pads and hairy hand.
Attempts were also made to record caudal to area 3b in area 1 and rostral to area
3b in area 3a of newborn marmosets. In anesthetized adult marmosets, area 1 is
inconsistently responsive to cutaneous stimuli. Recording sites with cutaneous receptive fields can be obtained in some experiments, but it is more common not to
find recording sites within area 1 with clearly defined receptive fields (Carlson et al.,
1986). Area 3a is largely unresponsive to light touch, although occasionally neurons
are found in 3a that are activated by light touch or taps on the hand and digits,
especially the claws (Carlson et al., 1986). In the newborn marmoset, neurons at only
a few locations immediately rostral and caudal to 3b were activated by cutaneous
stimuli (Figs. 3, 4). Caudal to area 3b in area 1, responses were obtained to light
touch of digit 2, the palm, the wrist, and the forelimb; the somatotopic pattern
revealed by these recordings at least roughly corresponds to that seen in adult
marmosets. Rostra1 locations in area 3a were activated by light touch on the hand,

1

/

M

FIGURE
4. The somatotopic organization of area 3b in a 1-day-old marmoset (86-43). As in the
previous figure, an adult-like pattern is apparent. Both mediolateral and rostrocaudal sequences of recording sites reveal a mature pattern. A large x marks lesions at physiological
boundaries, and a minus (-) marks penetrations where neurons were unresponsive to cutaneous stimulation. Abrreviations as in previous figure.
186

AREA 3b AND ADJOINING CORTEX IN MONKEYS

forearm, or back of digit 1 in a somatotopic pattern that approximates that found in
area 3a in adults.
Cortical architecture was examined in three newborn and six adult marmosets.
In the two experimental cases, the cortex was removed, flattened, and cut parallel to
the surface. In such preparations from adult monkeys, area 3b is densely myelinated
in sections through the middle to deep layers of cortex, whereas more rostral fields
3a and motor cortex and caudal fields 1 and 2 are less densely myelinated (Fig. 5A).
In newborn marmosets, the responsive zone associated with a somatotopic pattern
characteristic of area 3b also is more densely myelinated than surrounding cortex.
For example, in the case illustrated in Figure 5B, a mediolateral band of more
densely myelinated cortex is apparent, and marked lesions indicate that the zone of
cortex that was responsive to cutaneous stimuli is within this myelinated band.
However, the myelination is clustered in many small patches and is much less
uniformly distributed than in adult marmosets.
In one newborn marmoset, the cortex was cut parasagittally and stained for
Nissl substance (Fig. 5D). Similar preparations in the adult (Fig. 5C; also see Carlson
et al., 1986) demonstrate architectonic features typical of area 3b in other primates
(e.g., Nelson et al., 1980; Sur et al., 1982).Thus layer IV is densely packed with cells
and darkly staining, layer V is sparsely packed with cells and lightly staining, and
layer VI is somewhat densely populated and darkly staining (Fig. 5C). Although 3b
in the 1-day-oldinfant has basically similar features (Fig. SD), the laminar boundaries
of cortical layers are less sharp and neurons are more densely packed.

SQUIRREL MONKEYS

Recordings from area 3b and adjoining fields 3a and 1 in one newborn squirrel
monkey revealed that area 3b in the newborn closely resembles the adult in responsiveness to cutaneous stimuli and somatotopic organization, whereas the responsiveness of area 1 to cutaneous stimuli is greatly reduced in the newborn.
The location of 3b in adult squirrel monkeys is-illustrated in Figure lC, and a
summary of the somatotopic organization of 3b, based on Sur et al. (1982), is shown
in Figure 6. Further details of the somatotopic organization and responsiveness of
anterior parietal cortex in adult squirrel monkeys are included in the reports of Sur
et al. (1982), Cusick et al. (1985) and Merzenich et al. (1987). The somatotopic
organization of 3b in squirrel monkeys is basically like that described for other
primates, with a progression of representation of body parts from foot to mouth in a
medial to lateral sequence in cortex. Neurons throughout area 3b are highly responsive to cutaneous stimulation. Typical receptive field sizes and configurations are
illustrated in Figure 6. As for other primates, neurons in the hand representation
have small cutaneous receptive fields (RF 1, Fig. 6 bottom), whereas neurons in the
trunk representation are activated by cutaneous inputs from relatively large areas on
the trunk (RF, E, Fig. 6 middle).
In the newborn squirrel monkey, area 3b had about the same relative size and
location (Fig. 1D) as in the adult (Fig. 1C). Microelectrode recordings were obtained
from a large sector of area 3b extending from near the medial wall to near the lateral
187

40-pm section cut parallel to the surface of artificially flattened cortex in the region of area 3b of an adult. Area 3b is apparent as a darkly stained
region (cf. Fig. 1). (B) Similar preparation from a 1-day-old marmoset. Area 3b is more densely stained than surrounding cortex, but less
densely stained and more unevenly stained than in the adult. (C) Area 3b in a 50-Fm parasagittal brain section stained for Nissl substance from an
adult. Arrows indicate architectonic boundaries. An electrode track (ET) within 3b is also apparent. (D) Area 3b in a similar parasagittal section
cut from the brain of a newborn. Thick arrows mark architectonic boundaries. Calibration bar: 1 mm.

FIGURE5 . Lightfield photomicrographs of brain sections through area 3b in adult and newborn marmosets. (A) Myelin stain preparation of a
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FIGURE
6. The somatotopic organization of area 3b and representative receptive fields for an
adult squirrel monkey. The summary and receptive fields have been redrawn and modified
from Sur el al. (1982). Conventions as in previous figures.

fissure. Most of the explored portion was responsive to moving hairs and lightly
touching the skin. However, several small regions (see Fig. 7 upper left) within 3b
were unresponsive to cutaneous stimuli. The existence of several unresponsive regions in area 3b is not characteristic of adults, although small unresponsive zones
occasionally occur in adults as a result of local disruption of blood flow or other
trauma. Since no trauma or interruption of blood flow was evident in the infant
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cortex, the unresponsive zones in 3b of the newborn squirrel monkey may reflect the
immaturity of the cortex.
Receptive fields for recording sites in area 3b of the newborn squirrel monkey
were approximately adult-like in proportion relative to body size. Thus for both
adults and the newborn, receptive fields on the glabrous hand were typically confined to a part of a digit or one or two pads, whereas receptive fields on the upper arm
and trunk included much of the arm or trunk (Figs. 6, 7).
The somatotopic pattern of activation in area 3b of the newborn squirrel monkey
resembles the adult pattern. In both, the digits of the foot (T5-T1), the hindlimb,
trunk, forelimb, and digits of the hand (D5-DI) are represented in a mediolateral
sequence in cortex. In adult squirrel monkeys, the ventral trunk is represented at the
rostra1 border of area 3b (Fig. 6 upper right), and the same arrangement was revealed
in the newborn squirrel monkey (Fig. 7 right). In the cortex devoted to the hand in
adults, rostrocaudal rows of recording sites displayed distal to proximal progressions
of receptive fields on the glabrous digits, with a reversal of the receptive field
progression as the row of recording sites extends into area 1 (see lower Fig. 6).
Similarly in the newborn squirrel monkey, distal digits, proximal digits, and palmer
pads activated successively more caudal sites in area 3b. Scattered patches of the
hand region of area 3b were devoted to the dorsal hairy hand in the newborn monkey
(Fig. 7). Whereas this patchlike distribution differs from the more continuous representation of the dorsal hand skin in some adult squirrel monkeys (Fig. 6), such a
mixture of locations related to the dorsal and to the ventral hand is well within the
range of variability found within normal adults (Merzenich et al., 1987). Results from
the newborn squirrel monkey also differed from those in adults in that no neurons
were activated in the lateral part of area 3b that represents the face.
In the adult squirrel monkey, area 1 is almost as responsive to tactile stimulation
as 3b. Area 1 contains a parallel, roughly mirror image replication of the cutaneous
representation in 3b. As in other primates, area 3a is largely devoted to inputs related
to muscle spindles, but some recording sites are often adequately activated by cutaneous inputs as well. In the newborn squirrel monkey, only a small portion of area
1 was activated by cutaneous inputs, and this portion of area 1 was along the border
of area 3b. Neurons in this responsive region of area I were activated by light touch
on the pads of the hand, and receptive field sizes were similar to those of area 3b.
Since the recordings were along the margin of area 3b, they may actually reflect
activity in area 3b rather than area 1. Cortex medial, lateral, and caudal to this
responsive portion of area 1 was unresponsive to cutaneous stimuli. In area 3a,
neurons were activated at only a few recording sites along the 3b border, and strong
taps on the skin were required to drive these cortical neurons.
At the end of the recording session, marker lesions were placed at boundaries of
the representation judged to be within area 3b. When lesions were matched with
architectonic distinctions, the results showed that the representation (Fig. 7) was
coextensive with a distinct architectonic field with the identifying features of area 3b
(Fig. 8A, B). Nevertheless, this area 3b in the newborn squirrel monkey was immature in appearance. In particular, cells were more densely packed and layers were
more poorly differentiated than in the adult.
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FIGURE
7. The somatotopic organization of area 3b and representative receptive fields for a
1-day-old squirrel monkey. Most features of the respresentation in area 3b were similar to the
adult (Fig. 6). Area 3b boundaries were determined architectonicdly. Some cortex immediately rostral (area 3a) and caudal (area 1) to area 3b were responsive to cutaneous stimuli. Dots
mark electrode penetrations in responsive cortex, and an x marks penetrations with marker
lesions. Penetrations in unresponsive cortex are marked with a minus (-). Other conventions
as in previous figures.
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FIGURE
8. The cytoarchitecture of area 3b in adult (A) and newborn (B) squirrel monkeys.
The lightfield photomicrographs are of parasagittal Nissl preparations sectioned at 50 prn.
Microlesions (L) were used to mark physiological boundaries and relate microelectrode maps
to cortical architecture. Calibration bar: 1 mm.

MACAQUE MONKEYS

Observations were obtained from two newborn (I-day-old) macaque monkeys and
one macaque monkey of 1 month of age. In anesthetized newborn macaque monkeys, areas 3b and 1 were unresponsive to cutaneous stimuli, but responsiveness to
cutaneous stimuli and adult-like somatotopic organization appeared by at least 1
month of age.
193
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Previous studies allow comparisons of results from infants with those from
adults. In the adult macaque, area 3b is largely on the posterior bank of the central
sulcus (Fig. 1E). Neurons in 3b are responsive to light tactile stimulation of the
contralateral body surface, and there is considerable consistency in reported results
(see Pons et al., 1987). The summary of 3b organization in adults in Figure 9 is based
on the detailed description of Nelson et al., (1980). As in other primates, a topographic pattern from hindlimb to face is found in a mediolateral sequence in 3b.
Receptive field size varies with small receptive fields on the distal digit tips (Fig. 9)
and large receptive fields on the trunk. The somatotopic organization of area 3b in
macaque monkeys has been described by a number of investigators (e.g., Whitsel et
al., 1971; Paul et al., 1972; Nelson et al., 1980; McKenna et al., 1982; Iwamura et
al., 1983). As for other primates relatively large regions of cortex are devoted to the
hand and foot, with relatively smaller regions representing the trunk and proximal
limbs.
In both of the newborn macaques, cortex along the caudal bank of the central
fissure and on the dorsolateral surface of the postcentral gyrus was extensively
explored for several hours. In the two cases, roughly 200 recording sites were examined. Neurons did not respond to light tactile stimulation in either case, although
strong taps over a general body region could sometimes elicit a response. The recording sites included parts of area 3b or area 1 that would normally represent the
face, hand, forelimb, trunk, and hindlimb. The weak responses to strong taps that
were obtained revealed a gross mediolateral somatotopic pattern that proceeded
from hindlimb, to hand, to face. Subsequent examination of the brain sections from
these cases demonstrated that many recording sites were in or near layer IV of area
3b and area 1 (Fig. 10). Such sites would be highly responsive to cutaneous stimuli
in adult monkeys.
Recordings from a I-month-old infant macaque produced quite different results.
The responsiveness and somatotopic organization of area 3b, area I , and even part
of area 2 appeared to be largely adult-like in the 1-month-old macaque. Although our
sampling of somatosensory cortex in the month-old macaque monkey was limited,
the results were highly consistent (Fig. 11). Most electrode penetrations were placed
in a mediolateral strip of area 1 on the postcentral gyrus. In penetrations near the
central sulcus, the electrode was advanced into the depths of the sulcus so that
recordings were obtained from area 3b on the caudal bank of the fissure, as well as
from area 1. As in adults, neurons in both area 1 and area 3b responded to light tactile
stimulation of the contralateral body surface. Receptive fields were proportionally
the size of those in adults (Fig. 11). The progression of recording sites from medial
to lateral in 3b in the infant revealed a somatotopic sequence from hindlimb to face.
In the most medial recording sites in 3b, neurons were activated by light touch on the
hindlimb. This cortex corresponds to the region where the hindlimb is represented in
area 3b of adult macaques. A more lateral row of recording sites had receptive fields
on the trunk. Thus, as in adults, the trunk is represented lateral to the hindlimb.
Neurons in successively more lateral sequences of recording sites were activated by
cutaneous inputs from first the forelimb, then the dorsal hand, next digits 5 through
1, and finally the face. This topographic pattern matches that found in the adult. In
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FIGURE9. The somatotopic organization of area 3b in an adult macaque monkey and representative receptive fields. The map of area 3b (right) has been redrawn and modified from
Nelson et al. (1980). (See Fig. 1 for the location of area 3b.) The receptive field sequence on
the glabrous hand corresponds to the recording site sequence indicated on part of a parasagittal brain section showing the caudal bank of the central sulcus in the region of the hand
representation. Lines mark the deep border of area 3b with area 3a and the superficial border
of area 3b with area 1. Deeper recording sites than 1 4 correspond to small receptive field on
the digit tip and around the nail bed. See Pons el al. (1987) for more extensive data from the
area 3b hand representation of adults. P = pads; HL = hindlimb; T & G = tail and genitalia.
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FIGURE
10. A lightfield photomicrograph revealing the immature appearance of areas 3b and 1
in a 1-day-oldmacaque monkey. ET marks an electrode track that traveled through layer IV
in this animal. Abbreviations as in previous figure.

adults, most of the hand region of area 3b is activated by the distal phalanges of the
digits, whereas the proximal digits and the pads activated cortex near the area 3b/l
border. A typical receptive field sequence demonstrating this relationship in the
adult is shown in Figure 9. Receptive fields 1 4 progress from the digit tip to the
proximal phalange as recording sites progress from the middle of area 3b to the area
3b/l border (deeper parts of area 3b are devoted to the tip of the digit). Similar data
are shown for the month-old macaque, where receptive fields progress from digit tip
(the finger changes from D5 to D4 due to electrode angle) to the palm, and then back
to the digit tip for recording sites in area 1 (Fig. 11).
In adult macaques, area I has a parallel somatotopic organization that roughly
mirrors that of area 3b. Like 3b, neurons in area I are driven by light tactile stimulation. Although incompletely mapped in the 1-month-old infant, neurons in area 1
were highly responsive to tactile stimulation. The recordings that were made in area
1 revealed topography from hindlimb to face with a mediolateral sequence in cortex
that is similar to that found in adults.
In the 1-month-old macaque infant, marker lesions placed at physiological
boundaries were identified in brain sections stained for Nissl substance. Thus recording sites could be related to architectonic areas 3b and 1. In adults, 3b is characterized by a darkly staining layer IV that is densely populated with granule cells.

1%
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FIGURE11. The somatotopic organization of area 3b of a 1-month-old infant macaque monkey, and representative receptive fields from areas 3b and 1. On the left, a surface view of area
3b unfolded from the central sulcus (see Fig. 1). Solid lines mark architectonic boundaries, and
dashed lines indicate regions where the precise location of the borders were less certain.
Recording sites spaced along electrode penetrations are projected to the surface (dots). Although the mapping was incomplete, a hindlimb to face progression from medial to lateral in
area 3b was evident, and digits (Dl-D5) and pads of the hand were found in expected locations. Receptive fields on the hand correspond to recording sites along electrode penetrations
indicated on two drawings of parasagittal brain sections on the upper right.
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FIGURE12. Lightfield photomicrographs of parasagittally sectioned somatosensory cortex
that has been stained for Nissl substance in the adult (A) and I-month-old infant (B). The
laminar distinctions of 3b in the 1-month-old infant are less clear than those in the adult.
Abbreviations as in previous figures. Calibration bar: 1 mm.
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Layer VI is also darkly stained and packed with neurons, whereas layer V appears
lighter and is less densely packed with cells (Fig. 12A). Although the appearance of
3b in the 1-month-old macaque is much like that described for the adult (Fig. 12B),
overall cell packing is much denser and laminar differences in cell density are less
pronounced.
DISCUSSION
The present study is the first attempt to determine the responsiveness and somatotopic organization of somatosensory cortex in newborn monkeys. Microelectrode
recordings were made in architectonically identified subdivisions of somatosensory
cortex of three species of infant monkeys. The results indicate that normal maps of
much of the skin can be revealed in area 3b of marmoset and squirrel monkeys
immediately after birth and by at least 1 month of age in macaque monkeys. Neurons in
these maps are responsive to light tactile stimuli and the movement of hairs, and
receptive fields are proportionately the same size as in adults. The results suggest
that (1) adult-like somatosensory cortical representations can develop without the
benefit of refinements based on postnatal sensory experience, (2) area 3b is at a more
mature stage of development in newborn marmoset and squirrel monkeys than in
newborn macaque monkeys, (3) responsiveness in higher order fields such as area 1
may mature later than responsiveness in primary fields such as area 3b, and (4) the
apparant capacity of infants to more fully compensate for deafferentation and lesions
than adults is not based on immature equipotentiality in the somatotopic organization
of primary somatosensory cortex. These and other issues are discussed below.
RESPONSIVENESS OF AREAS 3b A N D I TO SOMATOSENSOR Y
STIMULI IN INFANT MONKEYS

Neurons in area 3b of newborn marmoset and squirrel monkeys were found to be
responsive to light tactile stimulation of the glabrous skin and the movement of hairs
on the hairy skin. In addition, receptive fields occupied about the same proportions
of skin as in adult monkeys. These observations correspond to those made by Rubel
(1971) for neurons in SI of cats (evidence is presented elsewhere that area 3b of
monkeys is the homologue of SI as generally described in other mammals; see Kaas,
1983), and they are consistent with the general observation that receptive field properties in sensory cortex of newborn mammals can have many adult-like features
(e.g., Hubel and Wiesel, 1963; Armstrong, 1975; Kennedy et al., 1983). Of course,
this does not mean receptive field properties are fully developed in these neurons at
birth. We noted a general lack of spontaneous activity in the recorded neurons, and
they often appeared to respond less vigorously than those in adults. In addition,
neurons were sometimes difficult to drive at isolated sites or over parts of the field.
Other investigators (e.g., Hubel and Wiesel, 1963; Rubel, 1971; Kennedy et al.,
1983; Albus and Wolf, 1984; Braastad and Heggelund, 1985) have noted similar
differences in the responsiveness of neurons in infant mammals, as well as the failure
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of immature neurons to demonstrate other adult-like response properties (such as
binocular activation, or direction selectively for neurons in visual cortex). Undoubtedly, detailed comparisons of neuron response properties in adult and infant monkeys would reveal many age-related differences (see Femngton and Rowe, 1985, on
the maturation of tactile signaling capacities of neurons in the somatosensory systems of cats). Yet, it is clear that many adult-like receptive field properties, including
those related to receptive field size, can be present at the time of birth.
Since neurons in area 3b of squirrel monkeys and marmosets have proportionately normal receptive field sizes at birth, the connectional framework from the
peripheral receptor array to cortical neurons must be in place at birth. Furthermore,
since receptive field size in part depends on cortical inhibitory mechanisms (see
Alloway and Burton, 1986; Dykes et al., 1984), GABA-ergic cortical neurons may be
functional as well.
In newborn macaque monkeys, neurons in area 3b and in area 1 failed to respond
to cutaneous stimuli. Neurons at only a few sites were activated in area 1 of newborn
marmosets, and only a few area 1 sites along the area 3b/l border were activated in
a newborn squirrel monkey. It seems unlikely that the neurons in unresponsive
regions of cortex were nonfunctional, although this remains a possibility. In rats,
neurons in SI do not yet have synaptic contacts with thalamocortical afferents at
birth (Wise and Jones, 1978), and these connections (Killackey and Belford, 1979)
and neuronal responsiveness (Armstrong-James, 1975; Verley and Axelrod, 1975)
take several postnatal days to develop. However, the development of the neocortex
is much more advanced at birth in monkeys than in rats, and even the late-maturing
callosal connections have acquired an adult-like pattern of origins and terminations
by the time of birth in macaque monkeys (Killackey and Chalupa, 1986). Thus
cortical neurons in monkeys may well be functional in alert newborn monkeys, and
the lack of responsiveness of area 1 neurons in newborn marmosets and squirrel
monkeys, and area 3b and area 1 neurons in newborn macaque monkeys may relate
to the depressive effects of anesthetics or perhaps other factors of the recording
condition. Anesthetics are known to especially block polysynaptic pathways in adult
mammals (see Rubel, 1971), and immature systems with less secure synaptic connections may be more susceptible to disruption.
Whereas a lack of responsiveness in the anesthetized preparation does not
necessarily indicate that the cortical areas are nonfunctional in the alert animal,
differences in responsiveness of cortical neurons across fields in the same animal and
across species suggest differences in the developmental time-course across fields and
across species. One observation is that area 1 was less responsive at birth than area
3b in marmosets and squirrel monkeys. In part, this difference may reflect the
greater susceptibility of higher order fields to disruption by anesthetics. Although
both area 3b and 1 receive afferents from the ventroposterior nucleus of the thalamus, area 1 appears to be a higher order cortical field that is largely processing
information from area 3b (see Kaas and Pons, 1988, for review). Even in adult
marmosets, area 1 can be unresponsive to cutaneous stimulation under anesthetic
conditions that allow area 3b to be quite responsive (Carlson et al., 1986), suggesting
that a relay from area 3b to area I is disrupted by the anesthetics. The difference in
responsiveness of areas 3b and 1 in newborn monkeys may also be related to mat200
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uration differences in cortical fields. The results of early studies of myelination
patterns suggest that higher-order fields mature later than primary fields (e.g.,
Flechsig, 1920). Thus area 1 may have fewer functional synapses or more disruptable
synapses at birth than area 3b. However, there is evidence that different cortical
areas develop mature densities of synapses at the same time (Rakic et al., 1986).
A second relevant observation is that areas 3b and 1 were not responsive to
cutaneous stimuli in newborn macaque monkeys, but these fields were responsive 1
month later. This result suggests that area 3b and perhaps other cortical fields are
less mature at birth in Old World than in New World monkeys. This possibility is
supported by differences in the sensorimotor development of New World and Old
World monkeys at birth (see Shively and Mitchell, 1986). Newborn marmosets receive little help from their mother after birth, and the infant must cling to the mother
and climb to nipples unaided. Similarly, unless the infant is weak, newborn squirrel
monkeys cling to their mothers and move about on her back without assistance. In
contrast, newborn macaque monkeys require support and assistance from their
mother.
REPRESENTATION OF SKIN RECEPTORS IN AREAS 3b AND 1
OF INFANT MONKEYS
The results indicate that basically adult-like somatotopic maps appear very early in
areas 3b and 1 of monkeys. These maps can be revealed at birth in area 3b of
marmosets and squirrel monkeys, and by the age of 1 month in macaque monkeys.
The somatotopic patterns are largely within the considerable range of normal variation observed in adult monkeys (Merzenich et al., 1987). In the only other mapping
study of somatosensory cortex in newborn mammals, Rubel (1971) observed a basically adult-like pattern of somatotopic organization in SI of newborn cats. Other
studies have demonstrated that neurons in sensory cortex of other newborn mammals can be responsive and have appropriate receptive field locations (e.g., Kennedy
et al., 1983). Thus adult-like sensory maps may be in place at birth for at least some
cortical fields in a number of mammalian species.
Recently, considerable evidence has accumulated to support the view that neural activity patterns are important in the development and maintenance of sensory
maps (see Constantine-Paton, 1982; Kaas et al., 1983; Jenkins and Merzenich, 1987;
Merzenich et al., 1987; Kaas, 1988). A currently popular view is that crude topographic features of cortical maps can develop without instruction from the receptor
sheet, but refinement of the map and much of the individual variability in the map
depends on synaptic selection based on correlated activity originating in peripheral
stimulation sequences (see Kaas, 1988). The present results, together with those of
Rubel (1971), indicate that the basic somatotopic patterns of normal cortical maps
can develop without the benefit of postnatal stimulation (for further discussion, see
Young and Rubel, 1986). Of course, prenatal stimulation patterns may be important,
and postnatal stimulation patterns may add refinements that were not detected in the
present study. Some differences in infant and adult maps were apparent in area 3b of
marmosets, suggesting that postnatal refinements of maps do occur. Postnatal stimulation patterns may also relate to the development of individual differences in the
organization of somatosensory cortex (Merzenich et al., 1987). Finally, we know
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little about the development of maps in higher-order sensory fields, but there is
evidence that higher-order visual areas in cortex more extensively compensate for
primary visual cortex lesions in infant than adult cats (Spear et al., 1980; Tong et al.,
1984).

HISTOLOGICAL APPEARANCE OF AREAS 36 A N D 1 AT BIRTH
Photomicrographs in the present report demonstrate that area 3b can be delimited in
newborn monkeys by characteristics that identify the field in adult monkeys. At
earlier prenatal periods, the somatosensory fields are much more uniform in appearance and area 3b may not be distinct (Killackey and Chalupa, 1986). Striate cortex
is also easy to identify in these newborn monkeys (unpublished observations, Lund
et al., 1977; O’Kusky and Colonnier, 1982), and other fields are apparent as well.
Thus studies depending on the architectonic identification of area 3b are possible
from the time of birth. However, it is also obvious that area 3b and other fields are
immature in appearance at birth. Cortex is thinner, neurons are more densely
packed, layers are less differentiated, and myelination patterns are less distinct. The
changes that subsequently occur include enlargement of neurons and dendritic processes (Lund et al., 1977). However, thalamic afferents are undoubtedly in place
before birth (Rakic, 1981), and the immature neurons have some adult-like response
properties at or shortly after birth (see Results).
CONSEQUENCES OF DEAFFERENTATION AND LESIONS OF
SOMATOSENSOR Y CORTEX IN INFANTS AND ADULTS

Newborn and young mammals appear to be more capable of recovery from damage
to somatosensory cortex than adults. The experiments of Carlson (1984) indicate that
lesions of the hand region of area 3b in newborn macaque monkeys fail to produce
the impairments in the ability to make tactile discriminations that follow such lesions
in adults, and depriving large portions of SI of normal sensory activation with spinal
cord lesions in young kittens is followed by a recovery of responsiveness in the
deprived cortex that does not occur after such lesions later in development (McKinley et al., 1987). The results of the present experiments suggest that the apparently different consequences of lesions and deafferentationsin infant and adult mammals are not related to differences in the basic organization of SI or area 3b at the
time of damage. The somatotopic maps in area 3b of monkeys (present study) and SI
of cats (Rubel, 1971) have adult-like organization at or soon after birth. The adult-like
structure of these somatosensory representations suggests, but does not demonstrate, that the major activating connections of the primary representations are adultlike at or soon after birth, and that the greater recovery after infant lesions is not a
consequence of the persistence of developmentally exuberant inputs. In newborn
cats (Innocenti et al., 1980) and rats (Olavarria and Van Sluyters, 1985), the latematuring callosal connections remain exuberant until after birth for at least visual
areas of cortex, but even the callosal pattern of connections matures before birth in
macaque monkeys (Killackey and Chalupa, 1986).
One explanation for differences in the effects of lesions in infants and adults is
that the lesions or the behaviors are not really equivalent (see Goldman, 1974; Meyer
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and Meyer, 1984). Thus, given the difficulty of matching lesions in infants and adults,
the lesions could spare parts of critical structures in infants. Whereas it is difficult to
experimentally approach these problems, the responsiveness of somatosensory cortex in infant monkeys means that lesions could be evaluated for equivalency with
greater accuracy. Carlson (1984) placed lesions in cortex according to the expected
position of the hand representation. The present results indicate that it is possible to
map the relevant region of cortex with microelectrodes in both infant and adult
monkeys and remove equivalent portions of the maps.
Developmental studies of the effects of nerve section, repair, and regeneration
on somatosensory cortex in marmosets have not revealed major differences between
maps of area 3b in adults with section and repair of the median nerve as infants or
adults (Wall et al., 1986). In both types of preparation, the portion of cortex related
to the median nerve was reactivated in a somatotopically disorganized manner. This
result is consistent with the observation that the somatotopic organization of area 3b
is adult-like at birth and the supposition that an adult-like pattern of thalamocortical
inputs is in place. The nerve section and repair experiments provided no evidence for
the possibility that postnatally overabundant connections are shaped and preserved
by peripheral stimulation patterns in order to correct the effects of disorganized
peripheral nerve regeneration.
ACKNOWLEDGMENTS

We thank S. Florence, P. Garraghty, and J. Wall for helpful comments on the manuscript. This work was
supported by Grant No. NS16446 from the National Institutes of Health.
REFERENCES

ALBUS,K., and W. WERNER(1984) Early postnatal development of neuronal function in the
kitten's visual cortex: A laminar analysis. J.
Physiol (Lond.) 348: 53-185.
ALLOWAY,
K. D., and H. BURTON
(1986) Bicuculline-induced alterations in neuronal responses to
controlled tactile stimuli in the second somatosensory cortex of the cat: A microiontophoretic
study. Somatosens. Res. 3: 197-211.

M. (1975) The functional staARMSTRONG-JAMES,
tus and columnar organization of single cells responding to cutaneous stimulation in neonatal rat
somatosensory cortex S-I. J. Physiol. 246:
501-538.
BENJAMIN,
R. M., and R. F. THOMPSON
(1959)
Differential effects of cortical lesions in infant
and adult cats on roughness discrimination. Exp.
Neurol. 1: 305-321.
(1985) DeBRAASTAD,
B. O., and P. HEGGELUND
velopment of spatial receptive-field organization
and orientation selectively in kitten striate cortex. J. Neurophysiol. 53: 1158-1 178.
CARLSON,M. (1984) Development of tactile discrimination capacity in Macaca mulatta. 11. Effects of partial removal of primary somatic sen-

sory cortex (SmI) in infants and juveniles. Dev.
Brain. Res. 16: 83-101.
M., M. F. HUERTA,
C. G. CUSICK,
and
CARLSON,
J. H. KAAS(1986) Studies on the evolution of
multiple somatosensory representations in primates: The organization of anterior parietal cortex in the new world Callitrichid, Saguinus. J.
Comp. Neurol. 246: 409-426.
CARSON,L. V., A. M. KELAHAN,
R. H. RAY,
C. E. MASSEY,and G. S. DOETSCH(1981) Effects of early peripheral lesions on the somatotopic organization of the cerebral cortex. Clin.
Neurosurg. 28: 532-546.
CONSTANTINE-PATON,
M. (1982) The retinotectal
hookup: The process of neural mapping. In Development Order: Its Origin and Regulation, S .
Subtelny, ed., pp. 317-349, Alan R. Liss, New
York.
and J. H. HAAS
CUSICK,
C. G., D. A. STEINDLER,
(1985) Corticortical and collateral thalamocortical connections of postcentral somatosensory
cortical areas in squirrel monkeys: A doublelabeling study with radiolabelled wheatgerm aggultinin and wheatgerm agglutinin conjugated to
horseradish peroxidase. Somatosens. Res. 3:
1-31.
203

KRUBITZER A N D KAAS
mate Biology, Vol. 4, Neurosciences, H. D.
Steklis and J. Erwin, eds., pp. 421468, Alan R.
Liss, New York.
and H. KILLACKEY
KAAS,J., M. MERZENICH,
(1983) The reorganization of somatosensory cortex following peripheral nerve damage in adult
and developing mammals. Ann. Rev. Neurosci.
6: 325-356.
KALASKA,
J., and B. POMERANZ
(1979). Chronic
paw denervation causes an age-dependent appearance of neural responses from forearm in
“paw cortex” of kittens and adult cats. J. Neurophysiol. 42: 618-633.
KELAHAN,
A. M., and G. S. DOETSCH
(1984) Time
dependent changes in the functional organization
of somatosensory cerebral cortex following digit
203-209.
amputation in adult raccoons. Somatosens. Res.
2: 49-81.
GOLDMAN,
P. S. (1971) Functional development of
the prefrontal cortex in early life and the problem KENNARD,
M. A. (1942) Cortical reorganization of
of neuronal plasticity. Exp. Neurol. 32: 366-387.
motor function: Studies on a series of monkeys
of various ages from infancy to maturity. Arch.
GOLDMAN,
P. S. (1974) An alternative to developNeurol. Psychiat. 48: 227-240.
mental plasticity; heterology of CNS stuctures in
infants and adults. In Plasticity and Recovery of KENNEDY,
H., K. MARTIN,
and D. WHITTERIDGE
Function in the Central Nervous System, D. G .
(1983) Receptive field characteristics of neurons
Stein, J. J. Rosen, and N. Butters, eds., pp. 149in striate cortex of newborn lambs and adult
174, Academic Press, New York.
sheep. Neurosci. 10: 295-300.
HUBEL,D. H., and T. N. WIESEL(1%3) Receptive KILLACKEY,
H. P., and G. R. BELFORD
(1979) The
fields of cells in striate cortex of very young,
formation of afferent patterns in somatosensory
visually inexperienced kittens. J. Neurophysiol.
cortex of the neonatal rat. J. Comp. Neurol. 183:
26: 994-1002.
285-304.
HUERTA,M. F., J. T. WALL,and J. H. KAAS KILLACKEY,
H.P., and L. M. CHALUPA(1986)
(1986) Changes in topography of somatosensory
Ontogenetic change in the distribution of callosal
cortex after nerve loss in adult and neonatal marprojection neurons in the postcentral gyrus of the
moset monkeys. SOC.Neurosci. Abstr. 12: 954.
fetal rhesus monkey. J. Comp. Neurol. 244: 331348.
INNOCENTI,
G. M., and R. CAMINITI
(1980) Postnatal shaping of callosal connections from sen- KRUBITZER,
L. A., and J. H. KAAS(1986) The secsory areas. Exp. Brain Res. 38: 381-394.
ond somatosensory area in primates: Somatotopic organization architecture, and connections
IWAMURA,Y . , M. TANAKA,
M. SAKAMOTO,
and
in marmosets (Callithrix jacchus). Soc. Neuro0. HIKOSAKA(1983) Functional subdivisions
sci. Abstr. 12: 798.
representing different finger regions in area 3 of
the first somatosensory cortex of the conscious KRUBITZER,
L. A,, and J. H. KAAS(1987) The demonkey. Exp. Brain Res. 51: 315-326.
velopment of somatosensory cortex in primates:
The responsiveness and somatotopic organizaJENKINS,W. M., and M. M. MERZENICH
(1987)
tion of area 3b (S-I proper) in newborn marmoReorganization of neocortical representations afsets, squirrel monkeys and macaque monkeys.
ter brain injury: A neurophysiological model of
Neurosci. Suppl. 22: 5238.
the loss of recovery from stroke. In Progess in
Brain Research, Vol. 71, Neural Regeneration, LUND,J. S., R. G. BOOTH,and R. D. LUND(1977)
F. J. Seil, E. Herbert, and B. M.Carlson, eds.,
Development of neurons in the visual cortex
pp. 249-266, Elsevier, Amsterdam.
(area 17) of the monkey (Macaca nemestrina): A
Golgi study from fetal day 127 to postnatal maKAASJ. H (1983) What, if anything, is S-I? Orgaturity. J. Comp. Neurol. 176: 14S188.
nization of first somatosensory area of cortex.
Physiol. Rev. 63: 206-231.
MCKENNA,T. M., B. L. WHITSEL,and D. A.
DREYER(1982) Anterior parietal cortical topoGAS,
J. H. (1988) Development of cortical sensory maps. In Neurobiology of Neocortex, P.
graphic organization in macaque monkey: A reevaluation. J. Neurophysiol. 48: 289-317.
Rakic and W. Singer, eds., Dahlen Konferenzen,
Springer-Verlag, New York (in press).
MCKINLEY,
P. A., W. M. JENKINS,
J. L. SMITH,
KAAS,J. H., and T. P. PONS(1988) The somatoand M. M. MERZENICH(1987) Age-dependent
sensory system of primates. In Comparative Pricapacity for somatosensory cortex reorganiza-

DYKES,R. W., P. LANDRY,
R. METHERATE,
and
T. P. HICKS(1984) Functional role of GABA in
cat primary somatosensory cortex: Shaping receptive fields of cortical neurons. J. Neurophysiol. 52: 1066-1093.
FERRINGTON,
D. G., and M. J. ROWE(1985) Organization and signalling in developing tactile sensory pathways. In Development, Organization,
and Processing in Somatosensory Pathways, M.
Rowe and W. D. Willis, Jr., eds., pp. 3 1 4 1 ,
Alan R. Liss, New York.
FLECHSIG,P. (1920) Anatornie des menschlichen
Gehirns und Ruckenmarks auf myelogenetischer
Grundelage, Thieme, Leipzig.
GALLAYAS,
F. (1979) Silver staining of myelin by
means of physical development. Neurol. Res. 1:

204

AREA 3b A N D ADJOINING CORTEX I N MONKEYS
C. and 0. MITCHELL
(1986) Perinatal betion in chronic spinal cats. Dev. Brain Res. 31: SHIVELY,
136-139.
havior of anthropoid primates. In Comparative
Primate Biology. Vol. 2A, Behavior, ConservaMERZENICH,
M., R. NELSON,J. KAAS, M.
STRYKER,
W. JENKINS,
J. ZOOK,M. CYNDER, tion and Ecology, G . Mitchel and J. Erwin, eds.,
pp. 245-294, Alan R. Liss, New York.
(1987) Variability in hand
and A. SCHOPPMANN
surface representations in areas 3b and I in adult SPEAR,P. D., R. E. KALIL,and L. TONG(1980)
owl and squirrel monkeys. J. Comp. Neurol.
Functional compensation in lateral suprasylvian
258 281-2%.
visual area following neonatal visual cortex reMEYER,D. R., and P. M. MEYER(1984) Bases of
moval in cats. J. Neurophysiol. 43: 851-869.
recoveries from perinatal injuries to the cerebral STRYKER,
M. (1982) Role of visual afferent activity
cortex. Early Brain Damage 2: 211-227.
in the development of ocular dominance columns. Neurosci. Res. Prog. Bull. 20: 540-549.
M U R P H Y ,E . H . , R. R . M I Z E , and P. B.
SCHECHTER
(1975) Visual discrimination follow- SUR,M., R. J. NELSON,and J. H. KAAS(1982)
ing infant and adult ablation of cortical areas 17,
Representations of the body surface in cortical
18, and 19 in the cat. Exp. Neurol. 49: 386405.
areas 3b and 1 of squirrel monkeys: Comparison
with other primates. J. Comp. Neurol. 211: 177NELSON,R. J., M. SUR,D. J. FELLEMAN,
and
192.
J. H. KAAS(1980) Representations of the body
surface in postcentral parietal cortex of (Macaca TONG,L., R. E. KALIL,and P. D. SPEAR(1984)
Critical periods for functional and anatomical
fascicularies). J. Comp. Neurol. 192: 61 1-643.
compensation in lateral suprasylvian visual areas
O’KUSKY,J., and M. COLONNIER
(1982) Postnatal
following removal of visual cortex in cats. J.
changes in the number of neurons and synapses
Neurophysiol. 52: 941-960.
in the visual cortex (area 17) of the Macaque
T. J., A. KLING, and D. P. SCHARLOCK
monkey: A stereological analysis in normal and TUCKER,
monocularly deprived animals. J. Comp. Neurol.
(1%8) Sparing of photic frequency and bright210: 291-306.
ness discriminations after striatectomy in neonatal cats. J. Neurophysiol. 31: 818-832.
J. and R. C. VAN SLUYTERS
(1985)
OLAVARRIA,
Organization and postnatal development of cal- VERLEY,
R., and H. AXELROD
(1975) Postnatal onlosal connections in the visual cortex of the rat.
togenesis of potentials elicited in the cerebral
cortex by afferent stimulations. Neurosci. Lett.
J. Comp. Neurol. 239: 1-26.
I: 99-104.
PAUL,R. L., M. M. MERZENICH,
and H. GOODWALL,J., M. HUERTA,
and J. H. KAAS(1986) SoMAN (1972) Representation of slowly and rapidly
matosensory cortex topography after nerve readapting cutaneous mechanoreceptors of the
pair in neonatal marmoset monkeys. SOC.Neuhand in Brodmann’s areas 3 and 1 of Macaca
rosci. Abstr. 12: 1436.
mulatta. Brain Res. 36: 229-249.
J. A. HOREL,
PONS,T. P., P. E. GARRAGHTY,
D. P. FRIEDMAN, WETZEL,A. B., V. E. THOMPSON,
and P. M. MEYER(1%5) Some consequences of
and M. MlsHKlN (1987) Physiological evidence
perinatal lesions of the visual cortex in the cat.
for serial processing in somatosensory cortex.
Psychon. Science 3: 381-382.
Science 237 417-420.
RAKIC,P. (1981) Developmental events leading to WHITE,P. F., W. L. WAY, and A. J. TREVOR
(1982) Ketamine-its pharmacology and theralaminar and areal organization of the neocortex.
peutic uses. Anesthesiology 56: 11S136.
in The Organization of the Cerebral Cortex,
F. 0 . Schmidt, F. G. Worden, G. Adelman, and WHITSEL,B. L., D. A. DREYER,and J. R. ROPPOLO (1971) Determinants of body representaS. G. Dennis, eds., pp. 7-28. MIT Press, Camtion in postcentral gyrus of macaques. J. Neurobridge.
RAKIC,P., J.-P. BOURGEOIS,
M. F. ECKENHOFF, physiol. 34: 1018-1034.
N. ZECEVIC,and P. S. GOLDMAN-RAKIC
(1986) WIESEL,T. N. (1982) Postnatal development of the
visual cortex and the influence of environment.
Concurrent overproduction of synapses in diNature 299: 583-592.
verse regions of the primate cerebral cortex. Science 232: 232-234.
WISE,S. P., and E. G. JONES(1978) Developmental studies of thalamocortical and cornrnissural
RUBEL,E. (1971) A comparison of somatotopic orconnections in the rat somatic sensory cortex. J.
ganization in sensory neocortex of newborn kitComp. Neurol. 178: 187-208.
tens and adult cats. J. Comp. Neurol. 143: 447480.
YOUNG,S. R., and E. W. RUBEL(1986) Embryogenesis of arborization pattern and topography
SCHARLOCK,
D. P., T. J. TUCKER,and N. L.
of individual axons in N. Laminaris of the
STROMINGER
(1963) Auditory discrimination by
chicken brain stem. J. Comp. Neurol. 254: 425the cat after neonatal ablation of temporal cor459.
tex. Science 141: 1197-1198.

205

