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Abstract 

Immunohistochemical methods are used to characterize the distribution of noradrenergic and serotonergic 
fibers in primary visual cortex of cynomolgus monkeys (Mucaca fusciculuris) at various postnatal ages. Previous 
studies in adult squirrel monkeys have shown that serotonergic fibers are generally restricted to the upper four 
cortical laminae and are especially dense in layer IV, whereas noradrenergic fibers are especially dense in layers 
V and VI, moderate in layers I, II, and III, and virtually absent in layer IV (Morrison, J. H., S. L. Foote, M. E. 
Molliver, F. E. Bloom, and H. G. W. Lidov (1982) Proc. Natl. Acad. Sci. U. S. A. 2401-2405; Morrison, J. H., 
S. L. Foote, D. O’Connor, and F. E. Bloom (1982) Brain Res. Bull. 9: 309-319). Since these monoamines, 
especially norepinephrine, have been hypothesized to play an essential role in the developmental plasticity of 
visual cortex organization (e.g., Kasamatsu, T., and J. D. Pettigrew (1976) Science 194: 206-209; Pettigrew, J. 
D., and T. Kasamatsu (1978) Nature 271: 761-763), the present study examined the postnatal development of 
these innervation patterns, especially just before and just after the reported “critical period” for visual plasticity. 
A dense serotonergic innervation of layer IV is present at birth along with sparse innervation of other laminae. 
The adult pattern of serotonergic innervation, which is similar to that in the squirrel monkey but even more 
specifically laminated, becomes evident by 6 weeks of age. In the adult pattern, the most dense innervation 
remains in layers IVb and IVc. A much lower density of noradrenergic than of serotonergic fibers is evident at 
all ages examined. As with serotonin, the lowest density of fibers is observed at birth. By about 2 months of 
age these noradrenergic fibers have become more dense, and their laminar distribution is similar to that of 
adult cynomolgus which is similar to adult squirrel monkey. These studies indicate that: (1) both types of 
innervation display a continuum of development, with no abrupt changes, (2) serotonergic innervation is more 
dense than noradrenergic innervation at every age examined, (3) these two transmitter systems exhibit very 
different laminar innervation patterns as early as birth, and (4) the greater laminar specialization of area 17 
in cynomolgus versus squirrel monkeys is accompanied by corresponding enhanced laminar specialization of 
these monoaminergic afferents. 

In previous studies, we have shown that noradrenergic (NA) 
and serotonergic (5-HT) fibers in the primary visual cortex 
(area 17) of adult squirrel monkeys are distributed in distinct 
laminar patterns which differ from those evident in other 
cortical regions (Morrison et al., 1982a, b). Specifically in 
primary visual cortex NA fibers are most dense in layers V and 
VI, relatively sparse in layers I, II, and III, and essentially 
absent in layer IV. In a complementary fashion, 5-HT fibers 
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are very dense in layer IV, virtually absent in layers V and VI, 
and of intermediate density in layers I, II, and III. The laminar 
specificity of these innervation patterns implies different roles 
for these transmitter systems in the processing of visual infor- 
mation in this cortical region. Since 5-HT fibers are especially 
dense in the same cortical laminae as geniculocortical termi- 
nals, they may well preferentially innervate the spiny stellate 
cells which are the initial recipients of this thalamocortical 
innervation (see Lund, 1981, for review). In contrast, the dis- 
tribution of NA fibers is suggestive of a termination onto 
pyramidal neurons, the predominant cells of origin for projec- 
tions out of area 17 (see Lund, 1981, for review). 

These observations are also of interest because other studies 
(Kasamatsu and Pettigrew, 1976; Pettigrew and Kasamatsu, 
1978; Kasamatsu, 1983) have raised the possibility that mono- 
aminergic innervation, especially of the NA type, may play a 
crucial role in the physiological and anatomical plasticity of 
primary visual cortex which is seen during a postnatal “critical 
period” in both cats (Wiesel and Hubel, 1963; Hubel and 
Wiesel, 1970; reviewed in Sherman and Spear, 1982) and mon- 
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keys (Hubel et al., 1977; Blakemore et al., 1978; LeVay et al., 
1980). This plasticity has been observed to be absent in cats 
whose primary visual cortex has been treated with the neuro- 
toxin 6-hydroxydopamine (6-OHDA) in such a way as to elim- 
inate NA fibers in the primary visual cortex (Kasamatsu and 
Pettigrew, 1976; Kasamatsu, 1983). This lack of plasticity can 
be reversed in 6-OHDA-treated animals and in adults after the 
critical period by superfusion of noradrenaline (Pettigrew and 
Kasamatsu, 1978; Kasamatsu et al., 1981). Thus, the possibility 
exists that there is a change, concomitant with the critical 
period, in the distribution of NA fibers which provides an 
anatomical substrate for the onset and/or termination of the 
critical period. Since the primary events which constitute these 
plastic changes most likely occur in layer IV (Rakic, 1976; 
Hubel et al., 1977; LeVay et al., 1978; Shatz and Stryker, 1978), 
our previous observations on adults raise the possibility that it 
may be the dense 5-HT innervation of this lamina which 
subserves plasticity and may show a correlated anatomical 
change. In contrast, if the NA system plays a dominant role in 
modulating visual plasticity, our previous data raise the possi- 
bility that either there is initially NA innervation of layer IVc 
which retracts at the end of the critical period, or that plasticity 
is actually mediated by events in other layers. 

In order to characterize the postnatal development of these 
transmitter systems in primary visual cortex, especially in 
relation to the visual critical period, we have performed im- 
munohistochemical studies on cynomolgus monkeys (Mucaca 
fa.sciculuris) of various ages from birth to adulthood. This report 

l-DAY 60 - DAY 

presents those results and discusses them in relation to the 
development of this cortical region and in relation to the 
hypothesis that one or both of these monoamines is critical for 
visual plasticity. This study extends existing descriptions of 
monoamine innervation patterns in area 17 of adult Old World 
monkeys (Takeuchi and Sano, 1983; Kosofsky et al., 1984), and 
the present results are compared with our previous descriptions 
of these patterns in a New World species. 

Materials and Methods 
The immunohistochemical procedures utilized were the same as 

those previously described (Morrison et al., 1982a, b). Briefly, deeply 
anesthetized animals were perfused with ice-cold 1% paraformaldehyde 
in phosphate buffer (0.15 M) for 0.5 to 1 min followed by perfusion 
with cold 4% paraformaldehyde in phosphate buffer for 6 to 8 min at 
a flow rate of 100 to 500 ml/min (depending on body size). Tissue 
blocks, 3 to 5 mm thick, which included primary visual cortex were 
removed immediately after perfusion. Postperfusion fixation times were 
varied depending upon the antigen to be localized in a given block of 
tissue: material for dopamine P-hydroxylase (DBH) localization was 
postfixed for 0 to % hr, and that for 5-HT localization was postfixed 
for 4 to 6 hr. After postfixation, tissue blocks were washed in a series 
of cold sucrose solutions and stored in 18% sucrose buffer. The anti- 
serum for visualizing NA fibers was directed against DBH, the final 
synthetic enzyme for norepinephrine, which was purified from human 
pheochromocytoma as previously described (O’Connor et al., 1979; 
Frigon et al., 1981). The antiserum directed against serotonin was that 
prepared by Lidov et al. (Lidov et al., 1980; Lidov and Molliver, 1982a), 
using the method of Steinbusch et al. (1978). Evidence supporting the 
specificity of these primary antisera is presented in our previous reports 
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Figure 1. Nissl-stained sections from area 17 of l-day-old, 60-day-old, and adult monkeys. These 40-pm thick sections were adjacent to sections 
used for immunohistochemical analysis. The laminar boundaries for each age are indicated to the right. The total thickness of the cortical mantle 
(brain surface to white matter) for each section was: 1150 pm (l-day), 1350 pm (go-day), and 1600 pm (adult) (measurements not corrected for 
shrinkage). wm, white matter. 
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Figure 2. NA fibers in primary visual cortex of a l-day-old animal. 
DBH-immunoreactive fibers are shown in a brightfield image of a 40- 
pm thick section. Cortical laminae are indicated at the left. WM, white 
matter. Calibration bar = 200 pm. 

(Morrison et al., 1982a, b). Freely floating tissue sections 40 or 50 pm 
thick were reacted with one of the primary antisera at a dilution of 
1:3000 (DBH) or 1:2000 (5-HT). Primary antibodies were visualized 
using either a secondary antiserum of peroxidase-conjugated anti- 
rabbit IgG (1:lOOO) or biotinylated anti-rabbit IgG which was subse- 
quently reacted with biotinylated horseradish peroxidase (HRP) (Vec- 
tor Laboratories, Irvine, CA). The sections were developed for peroxi- 
dase reactivity with 3,3’-diaminobenzidine. Visual cortices from eight 
animals of the following ages were studied: 1 day (two animals), 18 
days, 23 days, 60 days (two animals), 5 years, and 8 years. Sections 
from these cynomolgus brains were compared to similarly processed 
tissue from 14 squirrel monkeys ranging from 1 day to 11 years of age. 
They were also compared to sections obtained from prenatal Mucaca 
mulattu fetuses whose visual cortices had been fixed by immersion. In 
all cases, laminar distribution patterns were determined by careful 
comparison of the immunohistochemical sections with adjacent Nissl- 
stained sections (see Fig. 1) and by Nissl counterstaining of the im- 
munohistochemical sections. These steps were especially important 
since the absolute and relative thicknesses of laminae were found to 
vary with age and with plane of section. Laminae were numbered 
according to the criteria of Lund (1973). In order to display the small 
caliber monoamine fibers accurately in terms of their distribution 
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Figure 3. Distribution of NA fibers in primary visual cortex of a l- 
day-old animal. This illustration is an accurate tracing of the DBH- 
immunoreactive fibers in the photomontage shown in Figure 2 except 
that the caliber of fibers has been slightly enlarged for clarity. The 
method used to produce this tracing is described under “Materials and 
Methods” and is the same as that used for the other tracings shown in 
other figures. Cortical laminae are indicated on the left. WM, subcor- 
tical white matter. Calibration bar = 200 Wm. 
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across all cortical laminae, it was necessary to make tracings from 
photomontages. Large photomontages were assembled for 5-HT and 
DBH material from each age. Tracing paper was then placed over the 
montages, and each reactive fiber was carefully drawn. This method 
increases contrast and permits visualization of these fine fibers over 
the large areas that must be displayed to perceive lamination patterns. 
A photomontage and the tracing prepared from it are presented as 
Figures 2 and 3. 

Results 

General observations 

As we have reported previously for the adult squirrel monkey, 
the overall density of NA fibers in area 17 of young cynomolgus 
was lower than that of 5HT fibers, and the density of NA 
fibers was lower in primary visual cortex than in most other 
neocortical regions. There was a striking increase in the density 
and arborization of both types of fibers between birth and 60 
days of age. A continuum of development was evident for both 
NA and 5HT innervation. That is, the patterns evident at 
birth and at 2 weeks were generally those evident in the adult, 
and any particular intermediate age always exhibited a pattern 
intermediate to those exhibited by animals of greater and lesser 
ages. Immunoreactive fibers visualized using either antiserum 
had the same general appearance as we have previously reported 
for the adult squirrel monkey (Morrison et al., 1982b). In 
general, 5-HT fibers were of much finer caliber than NA fibers. 
However, as is presented in detail below, the youngest animals 
possessed both NA and 5-HT fibers of as large caliber as those 
observed in adults. All of our observations were compatible 
with equal antiserum specificity and sensitivity at the different 
ages and with the monotonic development of these innervation 
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patterns. For example, in brainstem sections from these same 
animals both NA and 5-HT fibers were evident in the expected 
locations and densities. 

Detailed results are presented below for each age for the two 
transmitters. In each section, general observations are followed 
by a description of layer IV innervation. Layers V and VI 
(infragranular), and layers III, II, and I (supragranular) are 
then described, in order. 

Noradrenergic innervation patterns 
One-day-old animals. At this age, NA fibers were very sparse, 

short, randomly oriented, and distributed with equal density 
throughout layers II through VI (see Figs. 2 and 3). There were 
virtually no labeled fibers present in layer I. Relative to the 
majority of fibers observed in older animals, fibers in all layers 
were straight and coarse, giving the appearance of fibers of 
passage or preterminal fibers, with little arborization in any 
layer. 

Eighteen- and 23-day-old animals. There was no discernible 
difference between these two animals in terms of innervation 
patterns or density for either NA or 5-HT fibers. As is shown 
in Figures 2 and 4, NA fibers were more dense than at birth 
and were of sufficient density that the adult innervation pattern 
was already evident. Even though the overall density of fibers 
was only about 40% of that observed in adult animals, the lack 
of fibers in layer IVc relative to other layers was evident. In 
certain fields, it appeared that both layers IVa and IVc were 
devoid of fibers. However, there were many areas in which it 
was unclear whether layer IVa was devoid of fibers. This is not 
surprising given the overall low density of fibers. In general, 
there was little geometric order evident in the fibers seen in 

60 day Adult 

Figure 4. NA fibers in area 17 of l&day, 60-day, and adult animals. Note the increased density and arborization with increasing age and the 
correlated appearance of a decreased density of fibers in layer IVc. WM, white matter. Calibration bar = 200 Nrn. 
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layers V, VI, II, and III. The other difference in animals of this 
age from the adult pattern was that only occasional fibers were 
evident in layer I (see Fig. 5). Very few fibers were evident in 
the subcortical white matter. 

Sixty-day-old animals. NA fibers in these animals exhibited 
the adult pattern of innervation but with reduced fiber density 
in all layers (see Fig. 4). Layer IV@ contained only occasional 
fibers, whereas layer IVca had slightly more, most of which 
were oriented perpendicularly to the pial surface. A higher 
density of moderately ramified fibers was evident in layer IVb. 
This higher density of fibers diminished somewhat in layer 
IVa. Layer VI exhibited about twice the density of fibers seen 
in layer V. Layers II and III showed moderately dense ramified 
fibers, with density showing a slight decrease in layer II. Layer 
I contained only sparse fibers. 

Adult animals. These animals exhibited a higher density of 
NA fibers than did younger animals. Thus, in these animals 
the absence of fibers in layer IVc was especially prominent (see 
Figs. 4 and 6). Although the exact upper boundary of this fiber- 
deficient area was slightly variable, layer IVccu contained oc- 
casional fibers, whereas layer IV@ was consistently devoid of 
fibers. Layer IVb contained moderately dense, terminal-like 
fibers which diminished in density in layer IVa. These appeared 
to be the most densely innervated layers. An increased density 
of fibers, most of which were tangentially oriented, was found 
at the IVc-V boundary. The most striking density increase 
relative to the 60-day animal was in layers V and VI which 
exhibited terminal-like fibers with primarily oblique orienta- 
tions. Layers II and III were uniformly penetrated by radially 
and obliquely oriented fibers of moderate density. Layer I 
contained more fibers than were present in younger animals, 

but this layer had the lowest density other than layer IVc. The 
subcortical white matter was essentially devoid of fibers. 

5-HT innervation patterns 
One-day-old animals. The overall density of 5-HT fibers was 

greater than that of NA fibers at all ages. At birth, a moderately 
dense band of 5-HT fibers which was centered on layer IVb 
was evident (see Figs. 7 and 8). These appeared to be terminal 
fibers in that they were of extremely fine caliber and had very 
tortuous trajectories. This plexus extended into layers IVa and 
IVcoc with a slight diminution in density. Fibers were of appre- 
ciably lower density in layer IV@. The superficial aspect of 
layer V contained about the same density of fibers as layer 
IVcs, but the remainder of layer V and all of the layer VI 
exhibited only sparse fibers of somewhat larger caliber. Layers 
II and III were characterized by a low density of fine caliber 
fibers, whereas layer I contained only rare fibers. The subcor- 
tical white matter contained occasional fibers of large caliber. 

Eighteen- and 23-day-old animals. The most prominent char- 
acteristic of the 5-HT innervation in these animals was a 
moderately dense network of extremely fine caliber fibers which 
penetrated all of layer IVb and IVcoc. These fibers extended 
into layers IVa and IV@ with significantly diminished density. 
The 5-HT fibers in layer V had a different appearance from 
those in layer IV, being of somewhat larger caliber, somewhat 
longer, and having a predominantly tangential orientation. 
Layers II, III, lower V, and VI exhibited a low density of fibers 
with no obvious geometric organization. Layer I contained only 
occasional immunoreactive fibers (see Fig. 9). Many large cal- 
iber fibers of passage were evident in the subcortical white 
matter and at the deepest portion of layer VI. 

Figure 5. NA fibers in layers I and II of an B-day-old animal. Arrows indicate the boundary between these two layers. Note the paucity of 
fibers in layer I. 
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Figure 6. NA fibers in area 17 of an adult animal. This photomontage of a 40-pm thick section encompasses the lower portion of layer IV as 

well as layers V and VI and the adjacent white matter (Wit4). Note the distinct paucity of fibers in layer IVc. Calibration bar = 200 pm. 
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Figure 7. Distribution of a 5-HT fibers 
in area 17 of l-day-old, 60-day-old, and 
adult cynomolgus. These illustrations 
are accurate tracings of all 5-HT-immu- 
noreactive fibers visible in photomon- 1” 
tages. Cortical laminae are labeled for 
each illustration. WM, subcortical white 
matter. Calibration bar = 200 Frn. 

Sixty-day-old animals. As at younger ages, layer IVb was the 
most densely innervated layer. Its density was greater than 
that observed in younger animals (see Figs. 7 and 10). Layer 
IVa was innervated slightly less densely. Layer IVCLV was nearly 
as densely innervated as layer IVb. Only a low density of fibers 
was evident in layer IVcB, and most of these fibers were oriented 
perpendicularly to the pial surface. The overall density of fibers 
in layers V and VI was much lower than that seen in layers 
IVa, IVb,and IVc. The same type of plexus that is evident in 
adult animals was evident in the superficial portion of layer V. 
Larger caliber, tangentially oriented fibers were seen in layer 
VI. The 5-HT innervation in these animals was moderately 
dense in layers II and III, exhibiting a substantial increase over 
younger animals. These fibers did not show any preferential 
orientation. Many 5-HT fibers were evident in layer I. 

Adult animals. The 5-HT innervation in adult animals re- 
tained a dense plexus of very fine fibers through layers IVa, 
IVb, and IVccu (see Figs. 7 and 11). This plexus was much 
diminished in layer IV@, with a density similar to that seen in 
younger animals. Layer V contained few fibers except for a 
moderately dense horizontal band of fibers in its upper half 
(see Fig. 12). Many large caliber fibers were evident at the 
junction of layer VI and the cortical white matter and in the 
bottom half of layer VI. Layers II and III also exhibited fine 
caliber fibers but at a much lower density than in the upper 
parts of layer IV. Many moderate caliber fibers were also 
evident in layers II and III. Many coarse, tangential fibers were 
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observed in layer I. Only occasional fibers were evident in the 
subcortical white matter. 

Discussion 
These results demonstrate that at birth both NA and 5-HT 

fibers are present in area 17. NA fibers are very sparse, poorly 
arborized, and spread throughout all layers. 5-HT fibers are 
dense, highly arborized, and concentrated in layer IV. Over the 
following 60 days, both types of fibers increase in density and 
arborize extensively. By 60 days of age, the adult patterns of 
innervation are present, although the density of innervation is 
somewhat lower. These results suggest the following major 
conclusions. First, there are substantial differences between 
NA and 5-HT innervation density and pattern throughout the 
period studied. Second, these patterns develop from an ob- 
viously immature state to an essentially mature level within 
this go-day period. Third, there is a smooth transition between 
birth and adulthood in this development. Fourth, the distinctive 
sublaminar specialization of area 17 in this species is evident 
in monoamine innervation patterns in both adult and young 
animals. 

These findings address three major descriptive issues with 
respect to the existing literature on the monoaminergic inner- 
vation of neocortex and its development: (1) species differences 
in NA and 5-HT innervation patterns in primary visual cortex 
of adult monkeys, (2) the sequence of development for these 
patterns, and (3) the timing of these developmental stages. 
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Figure 8. 5-HT fibers in layers III, IV, and V of area 17 in a l-day- 
old animal. The greatest density of fibers is centered on the boundary 
between layers IVb and IVc. Calibration bar = 100 pm. 

These three issues are discussed below, and the data are then 
presented in terms of the development of other anatomical and 
physiological features of primary visual cortex and the hypoth- 
esis that one or both of these monoamines plays a necessary 
role in visual cortex development and plasticity. 

Species differences. The pattern and density of NA innerva- 
tion seen in adult cynomolgus monkeys is essentially identical 
to that observed in adult squirrel monkeys (Morrison et al., 
1982a, b; Kosofsky et al., 1984). The most striking feature in 
both species is the absence of fibers in layer IVc (see Fig. 13 
and Kosofsky et al., 1984). One difference between the two 
species is that layer IVb seems to exhibit a more dense NA 
innervation in the cynomolgus so that the fiber-poor band is 
more rigorously restricted to layer IVc. Another difference is 
that layer I is less densely innervated in the cynomolgus. 

The pattern and density of 5-HT innervation in the adult 
cynomolgus are like those described elsewhere for this species 
(Kosofsky et al., 1984) and for Mucaca fuscatu (Takeuchi and 
Sano, 1983). The pattern of innervation in these Old World 
species differs from that previously reported for the New World 
squirrel monkey (Suimiri sciureus; Morrison et al., 1982a) in 
two major respects. (I) In the Old World species, the innerva- 
tion of layer IVCCY is quite dense whereas the innervation of 

layer IVc@ is much less dense. In the squirrel monkey, this 
sublaminar differentiation of fiber density is not evident (see 
Fig. 13). (2) In the Old World species, many fibers are evident 
in layers V and VI, whereas in the squirrel monkey these layers 
have a very low density of fibers. Many of these fibers appear 
to be fibers of passage rather than terminally arborizing fibers. 
Since we utilized the same techniques in the present study that 
we used to visualize 5-HT fibers in the squirrel monkey, and 
since our results with Old World monkeys are essentially iden- 
tical to those of other studies (Takeuchi and Sano, 1983; 
Kosofsky et al., 1984), we conclude that the observed differ- 
ences between New and Old World innervation patterns con- 
stitute a true species difference, probably reflecting differences 
in the organization of primary visual cortex in these two dis- 
tantly related primate species. We also conclude that many of 
the fibers visible in layers V and VI of the Old World species 
are fibers of passage and that the general pattern of termination 
seen in the squirrel monkey is preserved in macaques. In as yet 
unpublished studies, we have observed that the dense 5-HT 
innervation of layer IV seen in the cynomolgus monkey at birth 
is also evident in the squirrel monkey at birth, further empha- 
sizing the interspecies similarities in these innervation pat- 
terns. 

Developmental sequence. Since previous studies of the devel- 
opment of monoaminergic innervation patterns have been per- 
formed in rodents or carnivores, the sequence of developmental 
events in our study must be compared with findings from these 
non-primate species. The development of the NA innervation 
of neocortex has been studied with histochemical techniques in 
the rat (Seiger and Olson, 1973; Levitt and Moore, 1979; 
Schlumpf et al., 1980; Specht et al., 1981) and the mouse 
(Caviness and Korde, 1981). These studies indicate that the 
innervation is immature but present throughout all regions of 
the cortex at birth and that it develops gradually thereafter. 
Initial innervation and later maturation occur along a rostral- 
to-caudal gradient. This is compatible with biochemical data in 
the rat (Loizou, 1972). There is ultrastructural evidence for a 
dense monoaminergic innervation of neocortex in the newborn 
rat (Molliver and Kristt, 1975; Coyle and Molliver, 1977; Kirstt, 
1979), although this is difficult to reconcile with light micro- 
scopic observations. This early innervation is directed primarily 
at the primordium of layer IV. HRP injections into infant rat 
somatosensory cortex have been found to label only locus 
ceruleus neurons and not raphe cells (Kristt and Silverman, 
1980), suggesting that in the rat, unlike the monkey, this early 
innervation of layer IV is noradrenergic. 

The development of 5-HT innervation in rat neocortex has 
been studied with immunohistochemical methods (Lidov and 
Molliver, 1982a). Like NA afferents, 5-HT fibers initially enter 
the cortical anlage as two tangential and parallel sheets, one 
above and one below the cortical plate. Also like NA afferents, 
5-HT fibers gradually extend in a caudal direction so that the 
occipital region is among the last to be innervated. Finally, like 
NA afferents, 5-HT fibers gradually penetrate the middle layers 
of cortex from above and below to generate terminal arboriza- 
tions. Although this sequence of events is similar for the two 
transmitters, these events occur earlier for the NA system. NA 
innervation achieves adult density and pattern by the 7th 
postnatal day (Lidov et al., 1978; Levitt and Moore, 1979), 
whereas the 5-HT innervation approaches the adult density by 
3 weeks of age (Lidov and Molliver, 1982a; Molliver, 1982). 
Thus, in the rat, 5-HT terminals may be one of the last extrinsic 
afferents to innervate the cortex. 

These results from rodents differ substantially from the 
present results in two regards: (I ) for 5-HT, and possibly for 
NA, our results do not suggest that innervation proceeds in the 
outside-in pattern so evident in rodents, and (2) in the primate, 
5-HT innervation develops earlier than NA innervation and is 
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Figure 9. 5HT fibers in layers I and II of area 17 in an M-day-old animal. Arrows indicate the boundary between these two layers. Note the 
paucity of fibers in layer I. 

Figure 10. 5HT fibers at the boundary between layers IVb and IVc in a 60-day-old animal. Note the high density of these fine, varicose fibers. 
The arrow.s indicate pericellular arrays of fibers surrounding neurons. Each arrow is 25 pm in length. 
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Fimre 11. 5-HT fibers in layer IV in an adult animal. Note the extreme density and arborization of these fine caliber fibers. Calibration bar = 
100 irn. 

more dense at all ages examined. In the primate, 5-HT and NA 
also exhibit striking differences in developmental pattern. Ini- 
tially, 5-HT fibers densely innervate layer IVb and gradually 
expand their domain. NA fibers, by contrast, initially penetrate 
all layers sparsely and gradually arborize in those laminae 
destined to receive substantial innervation. These interpreta- 
tions must be tempered by possible differences between the two 
primary antisera in their ability to reveal developing fibers. 
The present study probably reveals fibers beginning at the 
onset of transmitter synthesis in terminal regions, an event 
which may lag behind the structural development of these 
axons. 

Itakura et al. (1981) studied the monoaminergic innervation 
of area 17 in 6- to &week-old kittens with glyoxylic acid 
histofluorescence and performed ultrastructural studies on 
glyoxylic acid-treated tissue postfixed with permanganate. The 
authors suggest that NA fibers (as opposed to 5HT or dopa- 
mine fibers) were preferentially visualized by these methods. 
Fluorescent fibers were observed in all layers and appeared to 
arborize most densely in layers II and III. Boutons containing 
dense-core vesicles were also observed in all layers. Jonsson 
and Kasamatsu (1983) have also studied the postnatal devel- 
opment of monoamine levels and receptors in the occipital 
cortex of the cat. Receptor binding for 5-HT and NA developed 
at a slightly earlier age than did transmitter levels, and the 5- 
HT system seemed to mature earlier than the NA system. 

Timing of developmental stages. Our results are compatible 
with the biochemical data of Goldman-Rakic and Brown (1982) 
from rhesus monkeys which indicate that, at birth, there is a 
much higher level of 5-HT than of norepinephrine in occipital 
cortex. The concentrations of both transmitters increase rap- 

idly over the next 60 days, by which time they are approaching 
adult levels. Throughout life, 5-HT levels are approximately 3 
times the norepinephrine levels in occipital cortex (see also 
Brown and Goldman, 1977). Our data may also reflect their 
observation that catecholamine synthesis shows an inverse 
relationship to 5-HT synthesis in a region-by-region analysis 
(Goldman-Rakic and Brown, 1982). These biochemical results 
suggest that our histochemical evidence accurately reflects the 
immaturity of these systems at birth, their rapid development 
over the next 60 days, and their relative maturity at this age. 

Anatomical studies of other aspects of striate cortex devel- 
opment indicate that the first 60 days of life are a period of 
rapid maturation for other aspects of cortical anatomy. It is 
possible, for example, that the development of monoaminergic 
innervation patterns accompanies the gradual maturation of 
termination sites on target neurons. Golgi studies of developing 
neurons in monkey area 17 indicate that the number of den- 
dritic spines on various types of neurons increases from birth 
to postnatal week 8 (Lund et al., 1977; Boothe et al., 1979). 
This increase is followed in some types of neurons by a less 
rapid decrease in spine number and in some neurons by a 
prolonged plateau and then a decrease (Boothe et al., 1979). 
Ultrastructural studies in the cat (Cragg, 1975) describe an 
increase in the number of synapses per neuron in area 17 
between postnatal day 8 and 7 weeks of age. There is then a 
reduction in the number of synapses. This suggests that spine 
counts reflect changes in the number of synapses. Other studies 
in monkeys indicate that LGN terminals in layer IV initially 
show overlap between the two eyes and that there is a gradual 
retraction to well defined ocular dominance columns which 
begins just before birth and is completed by 3 to 6 weeks 
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VI 

Figure 12. 5-HT fibers in layers V and VI of an adult animal. Note the variability of fiber diameter, ranging from very fine to very coarse, and 
the predominantly tangential orientation of the coarse fibers. WM, white matter. Calibration bar = 100 pm. 

postnatally (Rakic, 1976; Hubel et al., 1977). Thus, the first 
several weeks after birth are a period during which spine.and 
synapse numbers peak, thalamic afferents become segregated 
by eye of origin, ocular dominance and other features exhibit 
plasticity, and monoaminergic fibers show maturation of adult 
densities and patterns. Insufficient data are available to char- 
acterize the interrelationships among these events. For exam- 
ple, the hypothesis that the elaboration of monoaminergic 
innervation patterns is dependent upon maturation of cortical 
target neurons must be tempered by studies in the rat of the 
effects of antimitotic agents. These studies indicate that mono- 
aminergic fibers produce the same quantity of nerve terminal 
arborizations even when cortical development is stunted by 
such agents (Johnston and Coyle, 1979; Johnston et al., 1979; 
Jonsson and Hallman, 1982). 

Functional implications These monoaminergic systems have 
been implicated in developmental processes because of their 
early development in the rat (Olson and Seiger, 1972; Lauder 
and Bloom, 1974), in the monkey (Levitt and Rakic, 1982), and 
in humans (Nobin and Bjorklund, 1973; Olson et al., 1973). 
They have been shown to develop the ability to synthesize their 
putative transmitters at an early stage of development (Olson 
and Seiger, 1972; Golden, 1973; Lauder and Bloom, 1974; Choi 
et al., 1975), and these transmitters have been shown to have 
complex, long-lasting effects on postysnaptic biochemical proc- 
esses which might mediate developmental effects (McMahon, 
1974). Levitt and Rakic (1982) have demonstrated that in 
rhesus monkeys the peak genesis of locus ceruleus and many 
raphe neurons precedes the peak genesis of visual cortex neu- 
rons by approximately 45 days (visual cortex data from Rakic, 
1974). 

There have been reports of specific anatomical changes in 
neocortical target areas of the NA system in rats after perinatal 
lesions of the locus ceruleus or its efferents (Maeda et al., 1974; 
Blue and Parnavelas, 1982; Felten et al., 1982; Parnavelas and 
Blue, 1982; see also Amaral et al., 1980), although others have 
reported no such changes (Wendlandt et al., 1977; Ebersole et 
al., 1981; Lidov and Molliver, 1982b). For the present study, 
the most relevant claim of dependence of a developmental 
process on NA innervation is the demonstration that postnatal 
plasticity in the visual cortex of the cat is dependent upon the 
integrity of the NA innervation of this cortical region (Kasa- 
matsu and Pettigrew, 1976; Pettigrew and Kasamatsu, 1978; 
Kasamatsu et al., 1981; Daw et al., 1983), although this finding 
has been controversial (Bear and Daniels, 1983). Daw et al. 
(1983) have demonstrated that 6-OHDA administration in 
visual cortex prevents both ocular dominance plasticity, as 
previously shown by Kasamatsu and Pettigrew (1976), and 
plasticity of directional sensitivity. This is of interest since the 
critical periods for these two types of plasticity differ (Daw and 
Wyatt, 1976; Berman and Daw, 1977) and the synaptic basis of 
ocular dominance is different from that of directional sensitiv- 
ity (Sillito, 1977; Sillito et al., 1981). It should be noted that 
there has been no demonstration of NA effects on visual cortex 
plasticity in primates. 

Normal development of ocular dominance slabs in area 17 of 
the monkey depends partially on binocular competition before 
birth (Rakic, 1981). Our preliminary observations on primary 
visual cortex obtained from prenatal rhesus monkeys indicate 
that a dense 5-HT innervation of layer IV is evident at 120 
days gestation. The early presence of this dense 5-HT inner- 
vation at an age when the NA innervation is still relatively 
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Figure 13. Schematic illustrations of the laminar distributions of 5 
HT and NA fibers in primary visual cortex of the squirrel monkey 
(New World) and the cynomolgus monkey (Old World). Top, 5-HT 
innervation. Note that each sublamina of layers IVc and V in area 17 
of cynomolgus has a distinct terminal pattern and density, whereas in 
the squirrel monkey the innervation of each of these laminae is ho- 
mogeneous. Bottom, NA innervation. Note the higher density in layer 
IVb of cynomolgus compared to layer IVb of the squirrel monkey. 

sparse, and the fact that the 5-HT innervation is, initially and 
continually, most dense in layer IV, suggests that 5-HT may 
be much more likely to participate in early plasticity, especially 
of ocular dominance, which seems to depend crucially upon 
synaptogenic events in this lamina (Rakic, 1976; Hubel et al., 
1977; LeVay et al., 1978; Shatz and Stryker, 1978; although see 
LeVay et al., 1980). LeVay et al. (1980) found that in macaque 
monkeys ocular dominance plasticity is maximal from birth to 
6 weeks of age, coincident with the normal segregation of 
geniculocortical fibers into ocular dominance zones. Reduced 
plasticity is evident for 3 more weeks. Thus, plasticity is also 
inversely proportional to the maturity of monoaminergic in- 
nervation patterns, with plasticity no longer being evident once 
the monoamines have become mature. 

There was no evidence in the coronal sections used for this 
study that the distribution of 5-HT or NA fibers at any age 
exhibited a correlate of the alternating zones of high and low 
activity revealed by 2-deoxyglucose studies in primary visual 
cortex (Kennedy et al., 1976; Hubel et al., 1978; Hendrickson 
and Wilson, 1979; Humphrey and Hendrickson, 1983). 

Although it is possible that the NA and 5-HT systems 
mediate some aspect of morphological development, another 
possibility is that the development of these inputs to area 17 
mediates the gradual imposition of brainstem control on corti- 
cal activity. Substantial effects of sleep and arousal on cortical 

visual receptive fields have been described (Livingstone and 
Hubel, 1981). These effects are very similar to those produced 
by iontophoresis of norepinephrine onto visual, auditory, or 
somatosensory cortex neurons (Foote et al., 1975; Waterhouse 
and Woodward, 1980; Kasamatsu and Heggelund, 1982; re- 
viewed in Foote et al., 1983). 
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