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ABSTRACT 
Prenatal bilateral enucleation induces cortex, which normally would have become striate 

cortex, to follow a default developmental pathway and to take on the cytoarchitectonic 
appearance of extrastriate cortex (default extrastriate cortex, Dehay et al. [1996] J. Comp. 
Neurol. 367:70-89). We have investigated if this manipulation influences the cortical expres- 
sion of acetylcholinesterase (AChE) and cytochrome oxidase (GO). 

Early enucleation (before embryonic day 81; E81) had only minor effects on the 
distribution of AChE and CO in the striate cortex. In animals that underwent operation, the 
striate cortex CO blobs were significantly more closely spaced on the operculum compared with 
the calcarine. 

After early enucleation, there was a periodic distribution of CO dense patches in default 
extrastriate cortex. These CO patches had a center-to-center spacing that was considerably 
smaller than that of CO stripes in normal area V2, but was somewhat larger than that of the CO 
blobs in striate cortex. Although the GO stripes characteristic of normal area V2 could not be 
detected, there were some high-frequency CO patches, similar to those found in default 
extrastriate cortex. 

Early enucleation caused a failure to form the transient AChE bands running perpendicu- 
lar to the striate border, which are normally present in the fetus and early neonate. Late 
enucleation did not alter AChE expression in extrastriate cortex. 

The relatively minor effects of early enucleation in the reduced striate cortex contrast with 
the changes in expression of these enzymes in extrastriate cortex, which accompany large shifts 
in the location of the striate border. This suggests a massive reorganisation of cortical 
phenotype in extrastriate cortex. a 1996 Wiley-Liss, Inc. 
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The presence of the retinae during prenatal development 
is essential for the normal specification of the dimensions of 
monkey striate cortex (Rakic, 1988; Dehay et al., 1989, 
1991, 1996; Rakic et al., 1991). Early fetal bilateral enucle- 
ation (before embryonic day 81; E81) leads to a reduction in 
the dimensions of area 17 which, however, retains its 
normal lamination. Quantitative measurements of differ- 
ent cortical regions have provided evidence that this large 
reduction of striate cortex is accompanied by an expansion 
of extrastriate cortex (Dehay et al., 1996). These results 
support the conclusion that early enucleation leads to a 

border shift and that cortex immediately surrounding the 
reduced striate cortex was destined to become striate 
cortex. This amounts to the respecification of a cortical area 
and is, therefore, of considerable theoretical interest. How- 
ever, the cortex immediately surrounding the reduced 
striate cortex in the early enucleate has a cytoarchitecture 
indistinguishable from that of the extrastriate cortex in the 
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Fig. 1. Effect of early enucleation (before embryonic day 81, E81) on 
the dimensions of striate cortex and the location of default extrastriate 
cortex (DEC). In the normal animal, striate cortex is surrounded by 
area V2 as shown in this parasaggital section. Similar sections in an 
early enucleate demonstrate that striate cortex is considerably reduced. 
Areal measurements show that the overall dimensions of the neocc'rtex 

are not influenced by enucleation, so that the cortex that was destined 
to become striate cortex takes on an cytoarchitecture that is indistin- 
guishable from area 18, and this region is referred to as DEC. Although 
we do not know the exact dimensions of DEC, we can assume that it 
extends as far as the limits of striate cortex in the normal animal. DEC 
can be expected to be, in turn, surrounded by presumptive area V2. 

lunate sulcus in both early enucleated animals and ra-mal 
controls (Dehay et al., 1996). In our earlier work (Dehay et 
al., 1996), we argued that in the absence of peripheral cues, 
cortex originally destined to become striate cortex follows 
an alternative, default developmental course leading to a 
cytoarchitectonic organisation largely indistinguishsable 
from that of area 18. Hence, in the present study, we shall 
refer to cortex that has switched phenotypes in this way as 
default extrastriate cortex (DEC; Fig. 1). 

The early enucleation preparation allows an examination 
of the developmental definition of a cortical area. Do those 
mechanisms that establish the cytoarchitectonics of a corti- 
cal area also determine other phenotypic attributes such as 
the histochemical organisation? If there is phenotypic 
constancy, one would predict that the reduced striate cortex 
would exhibit those phenotypic features normally found in 
this area, whereas DEC would exhibit those features nor- 
mally found in area 18. We have addressed this issue by 
assaying the development of acetylcholinesterase (AChE) 
and cytochrome oxidase (CO) activity after fetal eniucle- 
ation in the monkey and focusing on three experimental 
issues. 

First, the effects of enucleation on the formation of the 
striate border. During normal development, the cytoarchi- 

tectonic border of the striate cortex emerges toward the end 
of cortical neurogenesis at E100. The border of striate 
cortex is remarkably sharp, and two-dimensional reconstruc- 
tions show that striate cortex is a compact area with smooth 
continuous contours (Van Essen and Maunsell, 1980; De- 
hay et al., 1996). In the early enucleate, the border between 
striate cortex and DEC is not continuous. Instead, there are 
indentations of the border and occasional islands of DEC 
near the periphery of the reduced striate cortex (Dehay et 
al., 1996). These observations suggest that the developmen- 
tal mechanisms that underlie interareal border formation 
break down following early enucleation. One would expect 
these mechanisms to be related to those establishing the 
area-specific patterns of AChE and CO activity. We have, 
therefore, paid particular attention to the distribution and 
intensity of AChE and CO activity in the region of the 
striate border. 

Second, the effects of enucleation on the functional 
architecture of striate cortex. Thalamic input and cortical 
output are restricted to particular layers and sublayers that 
can, in part, be identified by their CO labeling (Hubel and 
Wiesel, 1972; Lund and Boothe, 1975; Hendrickson, 1978; 
Livingstone and Hubel, 1982; Blasdel and Lund, 1983; 
Fitzpatrick et al., 1983; Livingstone and Hubel, 1984; 
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Livingstone and Hubel, 1987; Nakamura et  al., 1993; Levitt 
et al., 1994). The pattern of CO blobs in supragranular 
layers is related to the functional architecture of the cortex 
(see Martin, 1988, for review). After early enucleation, CO 
blobs are present in striate cortex, suggesting that CO blob 
formation occurs in the absence of any instruction from the 
retina (Dehay et al., 1989; Kuljis and Rakic, 1989; Kennedy 
et al., 1990). However, the reduction of striate cortex is 
nearly five times greater on the opercular surface (which 
subserves central vision in the normal animal) than within 
the calcarine fissure (Dehay et al., 1996). This has prompted 
us to examine CO blob frequency in the reduced striate 
cortex to determine the effect of this early manipulation on 
CO blob frequency on the operculum and in the calcarine. 

Three, the effects of enucleation on the development of 
extrastriate cortex. During prenatal development and up 
until 5 months postnatally, AChE is expressed transiently 
in area V2 (Barone et al., 1994a). Because the level of 
transient activity of this enzyme is high, its histochemistry 
is particularly suitable for a developmental study such as 
this. In the normal young animal, AChE activity in area V2 
forms thick bands running perpendicular to the V1 border. 
These transient AChE bands have a periodicity that is 
approximately half that of the CO bands. Serial reconstruc- 
tions of alternating sections reveal that the AChE bands 
overlap with the thin and pale CO bands, whereas the 
interbands overlap with the thick CO bands (Barone et al., 
1994b, 1996). It is known that the thickness of CO bands 
distinguishes adjacent cortical territories with segregated 
output constituting distinct functional streams (Unger- 
leider and Mishkin, 1982; Livingstone and Hubel, 1988; 
Zeki and Shipp, 1988). These results show that AChE 
bands demarcate area V2 territories that project to area V4, 
whereas the interbands demarcate the territory projecting 
to area V5 or MT (DeYoe and Van Essen, 1985; Shipp and 
Zeki, 1985, 1989; Nakamura et al., 1993; Barone et al., 
1996). 

The major cortical input to the upper layers of area V2 
stems from striate cortex. Although the CO compartments 
in striate cortex of the early enucleate remain remarkably 
intact, the 70% reduction of this area should theoretically 
result in a partial deafferentation of area V2. This raises the 
question of whether enucleation will influence AChE band 
formation in area V2 and whether the induced DEC will 
exhibit these bands. 

C. DEHAY ET AL. 

MATERIALS AND METHODS 
The present study is based on observations following 

bilateral enucleation carried out in nine monkey fetuses. 
Two cases were examined before birth (at El37 and E155). 
Three normal neonates and one fetus (E122) served as 
controls (Table 1). The 10 timed pregnant cynomolgus 
monkeys (Mucaca irus) received atropine (1.25 mg, i.m.1, 
dexamethasone (4 mg, i.rn.1, isoxsuprine (2.5 mg, i.m.), and 
chlorpromazine (2 mg/kg, i.m.) surgical premedication. 
They were prepared for surgery under ketamine hydrochlo- 
ride (20 mg/kg, i.m.1 anesthesia. The monkeys were then 
intubated, and anesthesia was continued with 1% halo- 
thane in a Nz0/02  mixture (70130). The heart rate was 
monitored, and the expired COZ maintained between 5% 
and 6%. Body temperature was maintained by using a 
thermostatically controlled heating blanket. A midline ab- 
dominal incision was made, and uterotomy was performed. 
Between E59 and E110, the fetal head was exposed, bilat- 

TABLE 1. Ages of Monkeys and Procedures Used' 

Case observation CO AchE 
Age at 

BB3 Normal PO X 
BB9 Normal PO X 
BB25 Normal PO X X 
BB31 Normal El22 X X 

Age at Age at  
enucleation observation co AchE 

~ ~ ~ ~ ~ _ _ _ _ _ _  

BB20 E l l 0  PO X 
BB26 E91 PO X X 
BB35 E81 PO X X 
BB21 E77 PO X X 
BB28 E68 PO X X 
BB95 E62 El55 X 
BB104 E62 El37 X 
BB46 E59 PO X X 
BB122 E58 P27 X X 

'CO, cytochrome oxydase; AchE, acetyleholinesterase. 

eral eye removal performed, and the fetus replaced in the 
uterus after closing incisions. The mother was returned to 
her cage and given an analgesic (visceralgine, 1.25 mg, i.m.) 
twice daily for 2 days. In three cases, the fetuses were 
delivered by cesarian section. The other fetuses were left 
until term on El65 (Table 1). The animals were anesthe- 
tised with ketamine (20 mg/kg, i.m.1 followed by a lethal 
dose of Nembutal(60 mg/kg, i.p.1 and perfused through the 
heart with a 1.25% paraformaldehyde and 1.5% glutaralde- 
hyde solution. After fixation, perfusion was continued with 
a 10-30% sucrose solution to provide cryoprotection of the 
brain. Parasagittal sections (60-km thick) were cut on a 
freezing microtome. Alternate sections were stained for 
Nissl substance, CO (Wong-Riley, 19791, and AChE (Hardy 
et al., 1976). In each animal, several sections were pro- 
cessed for AChE in the presence of eserine, an inhibitor of 
cholinesterases, to test staining specificity. 

RESULTS 
In the early enucleate, we refer to cortex immediately 

surrounding striate cortex as DEC. In the normal animal, 
cortex on the posterior bank of the lunate sulcus is known 
to be area V2. After early enucleation, when large shifts 
have occurred in the location of the striate border, the 
identity of cortex in the posterior bank can only be inferred 
by its anatomical location. Nevertheless, to avoid awkward 
terminology, we shall refer to this region as area V2. 
Extrastriate cortex in the enucleate refers collectively to 
DEC and area V2. 

CO labeling 
CO activity in the striate cortex of the normal neonate 

shows an immature laminar distribution. CO activity clearly 
distinguishes layers 6, 4C, and 2/3. CO activity in the 
neonate is characterised by a clear band that is largely 
located in layer 4C (Horton, 1984; Kennedy et al., 1985; 
Spatz et al., 1993). In the enucleate, the laminar distribu- 
tion of CO in striate cortex is similar to that in the normal 
neonate (Fig. 2). One minor difference is that although 
some CO activity is usually detectable in layer 4A of the 
normal neonate, it was either absent or very weak after 
both early and late enucleation (Fig. 2). 

After enucleation, the distribution of CO activity in 
layers 4, 5, and 6 in area V2 was normal. The laminar 
distribution of CO in layers 4, 5, and 6 in DEC was similar 
to that of areaV2. In the normal neonate, CO stripes in area 
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Fig. 2. Cytochrome oxidase (CO) activity distribution in striate 
cortex in the normal (A) and early enucleate BB46 (B). The laminar 
distribution of CO in the normal neonate is similar to  that found in the 
adult, except that there is a cleft at  the bottom of layer 4C and the top of 

layer 5. Following early enucleation, the distribution is similar to that 
in the normal animal, except for an absence of label in layer 4A. Scale 
bar = 0.5 mm. 

Fig. 3. Cytochrome oxidase (CO) labeling of striate and peristriate 
cortex in the normal (A) and early enucleate BB21 (B). In the normal 
neonate, cytochrome oxidase shows only a very weak stripe pattern in 
area V2 (indicated by arrows). In the neonate, which received an early 

enucleation, CO over much of the peristriate cortex on the operculum 
showed a continuous distribution. We could not detect even weak bands 
of CO in area V2 on the posterior bank of the lunate sulcus. LS, lunate 
sulcus; SS, supplementary sulcus. Scale bars = 1 mm. 

V2 are present but are weaker than in the adult (Dehay et 
al., 1986). CO stripes could not be reliably identified in area 
V2 of the enucleate (Fig. 3). 

The disruption of the border of striate cortex after early 
enucleation leads to an interdigitation of striate and ex- 
trastriate cortex that can be seen in Nissl-stained sections. 

On either side of the border in regions of interdigitation, 
GO activity was distributed according to an appropriate 
striate and extrastriate fashion so that the striate border in 
these regions is no less precise than elsewhere. Figure 4A 
shows such an interdigitation on the operculum of a 
neonate that has undergone early enucleation. Two short 



Fig. 4. Cytochrome oxidase (CO) activity distribution in regions 
where the striate border is perturbed (BB28). The pattern of CO 
activity in striate cortex is not disturbed by enucleation. This is also 
true in regions of severe interdigitation at  the border as shown in this 
figure. A: Interdigitation of striate cortex on the operculum of a 
neonate that had undergone enucleation at  E68. Even when striate 
cortex is narrowed down to a thin sliver protruding into extrastriate 

cortex, it maintains a laminar distribution that is virtually indistinguish- 
able from that found in the normal neonate. B: Interdigitation of cortex 
was also found in the calcarine sulcus. C: The adjacent section stained 
for Nissl shown to illustrate the precise alignment of borders revealed 
by the two histologic procedures. Arrowheads A-C: limits of striate 
cortex. Scale bars = 1.5 mm. 
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stretches of striate cortex, a ventral stretch measuring less 
than 1 mm across and a dorsal stretch measuring 3-4 mm, 
can be seen. These protrusions of striate cortex join at more 
medial levels. Progressing medial to lateral (right to left in 
the figure), both pieces of striate cortex became narrower 
before the ventral-most stretch disappears. The charactaeris- 
tic cleft at the base of layer 4C in striate cortex is present in 
both protrusions. In the smaller protrusion, the cleR is 
present when the protrusion measures only several hun- 
dred microns across. The CO blobs in layers 213 are 
likewise conserved in these narrow stretches of striate 
cortex. When adjacent CO and Nissl-stained sections were 
compared, they revealed a perfect match between the areal 
borders. This is illustrated in Figure 4B from an area 17 
indentation in the internal calcarine of an early enucleate. 

In medial sections, parts of DEC of the early enucleate 
show periodic distributions of high CO activity spanning 
the full cortical width (Fig. 5) .  In these CO dense patches, 
enzyme activity is high in both supragranular and infra- 
granular layers. Similar high-frequency CO patches were 
observed in restricted regions of area V2 on the medial 
sections, where they were much less frequent than they 
were in DEC. The extrastriate CO dense patches were 
found on both the operculum and in the internal calcarine. 

CO blob separation in striate cortex was measured in the 
normal control and enucleates. The frequency distribution 
is shown in Figure 6, and the mean separation values are 
shown in Table 2. In the normal animal, there was a 
nonsignificant tendency for CO blob separation on the 
operculum to be larger than in the calcarine. In the 
enucleates, mean CO blob separation values were greater in 
the calcarine than on the operculum. Statistical compari- 
sons of the means (Mann-Whitney U test) show that in the 
two early enucleates (E68 and E59), the smaller mean 
separation on the operculum is significantly different (P < 
0.0001) from the values on the operculum of the normal 
and late enucleates (E91, E110). Although comparison 
between animals is of limited significance due to variations 
of tissue shrinkage, it shows that calcarine separation 
values in the enucleates are not significantly different from 
those in the normal control except for the E l l 0  enucleate, 
in which mean blob separation was slightly larger (P < 
0.008). Together, these results suggest that early enucle- 
ation leads to a reduction of CO blob separation on the 
operculum but not in the calcarine. 

CO dense patches in extrastriate cortex were detected in 
both the E59 and E68 enucleated neonates. Mean CO dense 
patch separation values in the DEC on the operculum were 
780 pm (BB28) and 640 pm (BB46) and were significantly 
larger than the CO blob mean separations of 480 and 520 
pm in striate cortex of the same animals (P < 0.005). There 
were no significant differences between the separation 
values of CO dense patches in DEC in the calcarine and on 
the operculum. CO dense patches in area V2 in the animal 
enucleated on E68 were not very numerous and had a mean 
separation value of 820 pm, which was not significantly 
different from separation values in the DEC. 

AChE labeling 
In the neonate, AChE bands appear as dense fiber 

staining in layer 4 and the bottom of layer 3 (Fig. 7). AChE 
bands can be detected around El22 and by El33 have 
become a conspicuous feature of the immature areaV2 (Fig. 
8). At E122, AChE fibers form a dense plexus centered in 

layer 4 with only a modest decrease in density between the 
bands. There is virtually always a band of AChE fibers in 
area V2 immediately adjacent to the border with striate 
cortex. The AChE fibers in areaV2 show a sharp restriction 
to this area in the border region (see Figs. 7, 8). The AChE 
bands can be shown to run perpendicular to the border of 
striate cortex by sectioning the cortex parallel to the surface 
(Barone et al., 1994a). In parasaggital sections, small shifts 
in the position of the bands reflect their perpendicular 
orientation with respect to the striate border (Figs. 7,8). 

The fetal development of AChE was greatly modified by 
early enucleation. In a El37 fetus enucleated at E62, there 
was a dense staining of numerous AChE-positive fibers 
throughout extrastriate cortex including DEC. The laminar 
distribution of AChE-positive fibers in striate cortex in this 
and all other cases was similar to that in the normal control 
(Fig. 9). As in the normal animal, AChE fibers showed a 
sharp restriction in the border region to DEC and did not 
invade striate cortex. In DEC, a single AChE band could be 
detected at the border of striate cortex. The orientation of 
the band was different from normal because it did not 
change position on sequential sections. This indicates an 
absence of AChE bands oriented perpendicular to the 
border in DEC. After early enucleation, area V2 showed 
high levels of AChE staining in layer 4 and the bottom part 
of layer 3. However, this labeling was continuous, and again 
there was no indication of the formation of the bands 
normally found in fetuses of this age (Fig. 10). 

In the early enucleate that was examined at a E137, 
AChE staining was maintained in striate cortex and DEC in 
the highly perturbed regions near the border of area 17, as 
shown in Figure 11. In this instance, a small region of DEC 
was entirely surrounded by striate cortex. Comparison of 
the sections processed for AChE with the adjacent sections 
stained for Nissl substance shows that the AChE distribu- 
tion respects the border of striate cortex. 

After early enucleation, there was a massive downregula- 
tion of AChE activity during the last month of pregnancy. 
In neonates that had undergone early fetal enucleation, 
there was an absence of AChE activity throughout DEC and 
area V2. AChE activity was also absent in more anterior 
extrastriate visual regions such as the anterior bank of the 
lunate sulcus (Fig. 12A). This contrasted with striate 
cortex, where there was dense staining in layer 4C. In the 
nonvisual cortex, the density of AChE staining was compa- 
rable in the experimental and control neonates, indicating 
that the absence of AChE-labeled fibers in DEC and 
extrastriate cortex was not an artefact (Fig. 12B,C). 

In the late enucleate (E81 and later), there was only a 
modest reduction in the size of area 17 (Dehay et al., 19961, 
and well-defined AChE bands were present in area V2 
(Fig. 13). 

DISCUSSION 
Bilateral enucleation has only minor effects on the inten- 

sity and distribution of CO and AChE activity in striate 
cortex. This contrasts with extrastriate cortex, where both 
CO and AChE activity were profoundly modified by early 
enucleation. After early enucleation, the CO stripes in area 
V2 could not be detected. Instead, high-frequency CO dense 
patches were observed in DEC and to a much lesser extent 
in area V2. These results show that the induced cortical 
region displays novel phenotypic features. After early enucle- 
ation, AChE-positive fibers in the fetus failed to form the 
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Fig. 5. Cytochrome oxidase (CO) dense patches in default extrastri- 
ate cortex (DEC) of a neonate that had undergone early enucleation 
(BB28). In restricted parts of the DEC, there are periodic fluctuations of 

CO activity. POS, posterior occipital sulcus; LS, h a t e  sulcus; CS, 
calcarine sulcus. Arrows indicate CO blob-like patches. A is lateral and 
D medial. Scale bar = 2 mm. 

thick transient bands that normally run perpendicular to 
the border of striate cortex. Instead, a dense plexus of fibers 
was found throughout area V2 and DEC. However, during 

the last month of gestation, there was a dramatic downregu- 
lation of AChE expression in DEC and area V2 of the early 
enucleate, so that by birth there were virtually no AChE- 
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Fig. 6. Histograms showing the distribution of separation values of cytochrome oxidase (CO) blobs in 
striate cortex and CO dense patches in extrastriate cortex of normal and enucleated neonates. 

labeled fibers in extrastriate cortex. These changes in the 
development of CO and AChE only occurred when there 
was a substantial shift in the border of striate cortex and 
therefore were not observed after late enucleation (E81- 
E110). 

Limited influence of enucleation 
on border formation 

Early enucleation leads to a shift in the striate border 
because there is a reduction of striate cortex accompanied 
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by the formation of DEC (Rakic, 1988; Dehay et al., 1996). 
In each early enucleate, we found narrow protrusions of 
striate cortex into DEC as well as islands of DEC in the 
striate cortex near the border (Rakic et al., 1991; Dehay et 
al., 1996). A possible explanation of this ragged border in 
the early enucleate is that the reduction of the number of 
lateral geniculate nucleus (LGN) fibers leads to a reduction 
of cohesion among fibers. This drop in cohesion becomes 
critical around the perimeter of the striate cortex where the 
occasional islands of DEC are found. These results suggest 
that the mechanisms generating the striate border are 
unable to accommodate totally large shifts in border loca- 
tion (Dehay et al., 1996). 

TABLE 2. Mean Cytochrome Oxidase Blob Separation Values (mm) 

Age at Striate cortex extrastriate cortex 
enucle- Area 

Case ation Operculum Calcarine Operculum Calcarine V2 

Default 

Normal 0.57 0.55 
BB20 E l l 0  0.54 0.60 
BB26 E91 0.53 0.56 
BB28 E68 0.48* 0.55 0.78 0.76 0.82 
BB46 E59 0.52* 0.69 0.64 0.74 

*Mann Whitney nonparametric test, P < 0.005. 

A 

The striate cortex in the early enucleate was remarkably 
normal in terms of the intensity and laminar distribution of 
CO and AChE activity. This suggests a tight coupling 
between the developmental mechanisms generating the 
cytoarchitectonic features of striate cortex and the laminar 
distribution of CO and AChE activity. The tightness of this 
coupling in striate cortex is revealed by the appropriate 
patterns of CO and AChE activity in this area being 
maintained up to its highly serrated border. 

Influence of enucleation on CO blob 
frequency in striate cortex 

In the normal animal, CO blobs form a regular repeating 
lattice in striate cortex that is directly related to its 
functional architecture (for review, see Martin 1988). In the 
normal newborn monkey, there is a regular array of CO 
blobs in supragranular layers showing that this feature 
develops independently of visual experience (Horton, 1984; 
Kennedy et al., 1985; Dehay et al., 1986; Horton and 
Hocking, 1996). Because the age of the early enucleation is 
before the generation of the supragranular layers, our 
results (Dehay et al., 1989; Kennedy et al., 1990; present 
results) along with those of Kuljis and Rakic (1989) suggest 
that development of the functional architecture of the 

B 

Fig. 7. Acetylcholinesterase activity in striate and extrastriate cortex in the banks of the lunate sulcus of 
the normal neonate. Dotted lines in A indicate the limits of layer 4 in area V2 on the posterior hank of the 
lunate sulcus. Section separation, 0.540 mm. Arrowheads indicate area 17 border. Scale bar = 1 mm. 
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Fig. 8. Acetylcholinesterase activity in striate cortex and extrastri- 
ate cortex in the banks of the lunate sulcus of the normal El22 fetus. A 
is lateral and G medial. Section separation, 0.180 mm. Dotted lines in D 

indicate the position of layer 4 in area V2 in the posterior bank of the 
lunate sulcus. Arrowheads indicate position of the border of area 17. 
Scale bar = 1 mm in A-G, 1 mm in H. 

striate cortex, as reflected by CO blob formation, occurs 
independently of ascending retinal activity. Because the 
overall blob frequency is similar in early enucleates and 
normals and given that there is a 70% reduction in the 
dimensions of the striate cortex, we can deduce that early 
enucleation leads to an important reduction in the number 
of CO blobs in striate cortex. 

In the normal animal, we found that the mean separation 
values for CO blobs in the calcarine were slightly lower than 
on the operculum, confirming previous findings (Living- 
stone and Hubel, 1984). This contrasts with the early 
enucleate, in which mean CO blob separation on the 
operculum was significantly smaller than in the calcarine. 

The abnormally low mean separation values of CO blobs 
in striate cortex on the operculum of the enucleate could be 
related to the much larger reduction of striate cortex on the 
operculum compared with that in the calcarine fissure. One 
possibility is that the greater susceptibility of blob separa- 
tion and areal reduction on the operculum are developmen- 
tally linked to differences in the central magnification of 
foveal and peripheral representations in the ascending 
pathways (Dehay et al., 1996). 

CO labeling in DEC and area V2 
In the normal neonate, CO bands are present in area V2, 

showing that they develop independently of visual input 
(Dehay et al., 1986; Dehay and Kennedy, 1988; Horton and 
Hocking, 1996). After early enucleation, CO bands fail to 
develop in area V2. However, CO bands are difficult to 

detect in neonatal area V2; therefore, their absence in the 
enucleate could result merely from a reduction in their 
intensity. 

The high-frequency CO dense patches in DEC (and to a 
much lesser extent in area V2) are characteristic of the 
early enucleate. The CO dense patches showed a mean 
center-to-center spacing of 760-780 pm. This is much 
smaller than the 2-mm separation values of CO bands in 
area V2 (Barone et al., 1996) and significantly larger than 
the striate CO blobs in the same animals (480-520 pm). 
Although the sample size in area V2 was small, separation 
values were not significantly different from that in DEC. 

The extrastriate CO dense patches are largely restricted 
to DEC. Therefore, they are found in a cortical region that 
was originally destined to become striate cortex and that, 
late in development, had acquired area 18 cytoarchitecton- 
ics. Superficially at least, the CO dense patches are more 
similar to CO blobs in striate cortex than to CO stripes in 
area V2, although they might well be unrelated to either 
(see section on Implications for theories of cortical specifica- 
tion, below). 

AChE labeling in DEC and area V2 
AChE activity is dense in area V2 throughout prenatal 

and early postnatal development in the normal animal 
(Barone et al., 1994a). After early enucleation, AChE fibers 
are present in extrastriate cortex during early prenatal 
development. Although AChE fibers in area V2 in the early 
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Fig. 9. Acetylcholinesterase (AChE) activity in default extrastriate 
cortex (DEC) in the El37 fetus previously enucleated at E62 (BB104). 
In the early enucleate, the striate cortex, adjacent to a supplementary 
sulcus, occupies only a small fraction of the operculum and is located far 
posterior to the lunate sulcus (not shown in this microphotograph). 
Immediately adjacent to the reduced striate cortex, and running along 

enucleate have the appropriate laminar distribution, enucle- 
ation in some way prevents band formation, both in DEC 
and in area V2. During the last month of gestation of the 
enucleates, there is a rapid depletion of AChE activity, so 
that by birth the entire visual cortex outside area 17 is 
largely devoid of AChE-positive fibers. 

To understand the present findings better, we need to 
consider the origin of the fibers expressing AChE and their 
developmental significance in the immature cortex. 

In a number of species, a transient neocortical expression 
of AChE has been related to thalamic fiber input and shown 
not to be due to cholinergic forebrain projections (Robert- 
son et al., 1985, 1988, 1991; De Carlos et al., 1995; see 
Hanes et al., 1992 for review). Hence, the transient AChE 
bands in monkey area V2 might correspond to a developmen- 

much of its length, there is a single band of AChE fibers invading layer 
3. This band does not appear to run orthogonal to the border as is the 
case in the normal. Section separation: 0.120 mm. Dotted lines in A 
indicate the position of layer 4 in DEC and area 17. Arrowheads indicate 
the position of the border of area 17. A is lateral and F medial. Scale 
bar = 1 mm. 

tal stage of the banded pulvinar input to this area (Curcio 
and Harting, 1978). However, this is unlikely given that the 
pulvinar projection to area V2 overlaps the thin and thick 
CO bands (Livingstone and Hubel, 1982; Levitt et al., 
1995). This contrasts with the AChE bands that are 
uniquely centered on the CO thin bands (Barone et al., 
1996). 

The failure to form AChE bands suggests that the AChE- 
positive fibers in the bands originate from a structure that 
is profoundly modified by the early enucleation. There are 
two candidate structures: the LGN and striate cortex 
(Dehay et al., 1996). The LGN provides only a weak input to 
area V2 in monkeys (Bullier and Kennedy, 1983), and it is 
difficult to conceive that the few intercalated LGN neurons 
involved in this projection set up such a conspicuous feature 
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Fig. 10. Acetylcholinesterase activity on the operculum and in 
presumptive area V2 in the posterior bank of the lunate sulcus in the 
El37 fetus previously enucleated at E62 (BB104). No indication of 
acetylcholinesterase bands can be seen in area V2. LS: lunate sulcus. 
Scale bar = 1 mm. 

as the AChE bands. In contrast, the striate cortex provides 
a major input to area V2. This input is to layer 4 and the 
supragranular layers (Zeki, 1969, 1975; Wong-Riley, 1978; 
Rockland and Pandya, 1979; Lund et al., 1981; Weller and 
Kaas, 1983; Van Essen et al., 1986), layers in which the 
AChE-positive fibers are located (Barone et al., 1994a). It 
has been suggested that striate cortical projections can be 
AChE positive (Fitzpatrick and Diamond, 1980). If the 
AChE fibers originate from the striate cortex, then we can 
speculate that they issue from the CO blobs (Livingstone 
and Hubel, 1984). If this is the case, then the 70% reduction 
of striate cortex could deplete this projection to a level that 
is insufficient to maintain band formation. Further, be- 
cause both DEC and area V2 are occupied by the AChE- 
positive fibers, the large expansion of the target of striate 
cortex might also contribute to the loss of the band pattern. 

The significance of the transient AChE expression in the 
cortex is not clear. AChE is not restricted to cholinergic 
systems, suggesting alternative functions to that of the 
hydrolysis of acetylcholine (Greenfield, 1984). Recent evi- 
dence shows that some forms of AChE act as proteases and 
could therefore regulate cell growth and development (Small, 
1990; however, see Ling et al., 1995). Hence, surface-bound 
or diffusible AChE could be involved in axon growth 

397 

A 

Fig. 11. Island of default striate cortex in the internal calcarine of 
the El37 fetus that had undergone early enucleation (BB104). A,C: 
Acetylcholinesterase-reacted sections. B: Nissl-stained section. Arrow- 
heads in A-C: limits of striate cortex. Scale bar = 1 mm. 
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Fig. 12. Acetylcholinesterase activity in striate, default extrastriate 
cortex, and extrastriate cortex. A In the neonate that had undergone 
early enucleation (BB46). Enzyme levels in cortical regions anterior to 
the visual cortex were similar in this enucleate and normal controls as 
can be seen by comparing the auditory cortex in B (the early enucleate, 

BB46). C: Normal control. This figure reveals the extensive downregu- 
lation of acetylcholinesterase activity during the last month of gestation 
following early enucleation. Scale bars = 5 mm in A, 1 mm in B,C. 

Fig. 13. Acetylcholine activity in striate and extrastriate cortex of a late enucleate (BB35). Arrowheads: 
limits of striate cortex. Scale bar = 2 mm. 
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through the extracellular matrix and might, therefore, be 
related to late stages of axonal growth and motility (Layer 
et al., 1993). The fact that the AChE fibers disappear in the 
last month of gestation of the enucleate is unlikely to be the 
consequence of cell loss or axon elimination. The most 
probable explanation is that the fibers persist but cease to 
express AChE. If this is the case, early enucleation (perhaps 
because of the suppression of ascending neural activity) 
might lead to changes in the final stages of axon mobility in 
well-defined subregions of area V2 and DEC. 

Implications for theories 
of cortical specification 

It has been suggested that cortex that was destined to 
become striate cortex and that, after enucleation, fails to 
acquire the appropriate cytoarchitecture constitutes a novel 
cortical area-area X (Rakic, 1988). This author suggested 
that area X is a hybrid cortex combining both striate and 
extrastriate features. It was hypothesised that the hybrid 
cortex contained neurons that were genetically pro- 
grammed to be part of striate cortex and yet had accommo- 
dated input characteristic of area V2. This suggestion is in 
line with studies showing, on the one hand, that there is a 
fate map of neocortical areas in the ventricular zone (Barbe 
and Levitt 1991; Arimatsu et al., 1992; Dehay et al., 1993; 
Cohen-Tannoudji et al., 1994; Soriano et al., 1995) and, on 
the other hand, that cortical development is strongly 
influenced by peripheral inputs (Van der Loos and Woolsey, 
1973; Rakic, 1988; Dehay et al., 1989,1996; O’Leary, 1989; 
Killackey, 1990). 

Thus, it was speculated that the mismatch between the 
early genetic specification (in the form of an early ventricu- 
lar fate map of striate cortex) and the late afferent specifica- 
tion (response to input appropriate to area V2) induces a 
cortical area combining phenotypic features of the two areas. 

In our previous reports, we have used neither the term 
hybrid cortex nor area X to designate the expanded extrastri- 
ate cortex after enucleation. This was because we found 
that the additional extrastriate region (i.e., DEC) displayed 
no striate cortex features, was indistinguishable from nor- 
mal extrastriate cortex, and consequentially possessed no 
combination of features justifying the term hybrid (Dehay 
et al., 1996). In the present study, we continue to use the 
term DEC because, as we argue below, neither the CO nor 
the AChE labeling conclusively shows hybrid features. 

In the present study we show that DEC has CO dense 
patches. What is the status of these DEC CO dense patches 
with respect to CO modulation in normal visual cortex? 
Given their presence in DEC, we first need to consider 
whether there are any grounds to consider them equivalent 
to CO blobs in striate cortex. 

One possibility is that CO dense patch formation in DEC 
is triggered by thalamic afferents (Fig. 14). In the normal 
animal, CO blobs in striate cortex receive input from the 
koniocellular (K) pathway of the LGN (Weber et al., 1983; 
Hendry and Yoshioka, 1994). The K cells are thought to 
constitute a third visual pathway going from the LGN to 
striate cortex in addition to the parvocellular and magnocel- 
lular streams (Casagrande, 1994; Hendry and Yoshioka, 
1994). 

The K pathway could be a good candidate for the 
specification of CO dense patches in DEC (Fig. 14A). 
Because K cells in the LGN receive their major input from 
the superior colliculus (Lachica and Casagrande, 1993; 
Harting et al., 1991; Feig and Harting, 19941, one would 
expect the K pathway to be less susceptible to deafferenta- 
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Fig. 14. Hypothetical mechanisms of afferent specification of mon- 
key visual cortex. Deafferentation of the visual cortex, subsequent to 
enucleation, leads to a reduction of striate cortex, showing that 
thalamic projections play an important role in determining the area 
dimensions of the striate cortex. Thalamic input could also be involved 
in the development of cytochrome oxidase (CO) dense patches in default 
extrastriate cortex (DEC). A One possibility is that the K projection to 
the superficial layers of striate cortex is involved in the development of 
GO blobs in striate cortex. According to this hypothesis, GO dense 
patches in DEC cortex could be triggered by the projection from the K 
compartment of the reduced lateral geniculate nucleus to the upper 
layers of this region, because the K pathway may possibly be spared by 
the enucleation, due to the input of superior colliculus to these layers. 
B: In the normal animal, pulvinar input to the upper layers of area V2 
could be involved in the development of thick and thin stripes. 
According to this hypothesis, DEC could accommodate this pulvinar 
input, and this input could trigger CO patch formation. For references, 
see text. P, parvocellular; M, magnocellular; K, Koniocellular; LGN, 
lateral geniculate nucleus; PUL, pulvinar. 

tion from the retina; this might explain the presence of the 
CO dense patches in DEC. In line with this hypothesis of a 
thalamic specification of CO dense patches in DEC blobs is 
that injections of retrograde tracers in the superficial layers 
of the DEC of early enucleates leads to labeled neurons in 
the reduced LGN (unpublished finding). If these labeled 
neurons in the LGN were part of the K pathway, which in 
the normal animal projects to striate cortex (and which is 
distinct from those interlaminar cells that project to ex- 
trastriate cortex (S. Hendry, personal communication), 
then these cells could trigger the formation of the CO dense 
patches in DEC. According to this scheme, the parvocellular 
and magnocellular streams determine the dimensions of 
striate cortex, whereas the K pathway plays a role in 
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specifying the CO blobs and therefore the periodicity of the 
functional architecture. This would make the CO dense 
patches in DEC truly equivalent to the striate CO blobs of 
the normal animal. 

The above considerations show that DEC could be a 
hybrid in so far as it exhibits a combination of striate and 
extrastriate features. However, in the above scenario, the 
hybrid nature of this cortex is uniquely created by afferent 
specification. An alternative possibility is that the GO dense 
patches in the DEC field develop independently of thalamic 
input and are the consequence of an early specification at  
the level of the ventricular zone. Therefore, they would 
reflect the early striate identity of this cortical region. 
According to this theory, CO blob formation would be an 
intrinsic feature of the striate cortical field. 

However, we have to guard against making the mistake 
of assuming that there are only two sorts of solutions to the 
problem of the development of CO dense patches in DEC. In 
fact, we cannot be sure that the CO dense patches in DEC 
are in any way equivalent to striate GO blobs. Their 
periodicity alone being 2 3 4 1 %  wider than the striate CO 
blobs throws some doubt on the probability of there equiva- 
lence. Livingstone and Hubel (1982) suggested that high 
CO activity reflects thalamic input, and one possibility is 
that the periodic CO activity in the DEC reflects pulvinar 
input to this structure (Fig. 14B). This would fit with the 
correspondence of the GO dense patches in DEC with the 
periodicity of pulvinar input to striate cortex (Ogren and 
Hendrickson, 1977) as well as the presence of high- 
frequency GO patches in area V2. According to this theory, 
pulvinar input, which in the normal animal is thought to 
project to the thick and thin stripes of area V2 (Levitt et al., 
1995), would be setting up a unique set of CO fluctuations 
in DEC and to a lesser extent in area V2. In this case, the 
CO dense patches in DEC would have no kinship to striate 
cortex blobs but would have more in common with area V2 
stripes. 

In the absence of an understanding of the precise nature 
of the thalamic input to the DEC, we conclude that we 
cannot distinguish between these developmental scenarios. 
Therefore, we have decided to use the term DEC and not 
hybrid cortex in the present study, because the latter makes 
as yet unverifiable assumptions about the development of 
this region. 

Reductions in the LGN compartments have a profound 
influence on the development of their primary target, 
striate cortex. The modified striate cortex will, in turn, 
influence the development of its principal target, area V2. 
Hence, differential effects on the parvocellular, magnocellu- 
lar, and K streams could influence, in a complex fashion, 
the output of striate cortex to parietal and temporal cortices. 

The mechanisms generating the cytoarchitectonics and 
the histochemistry of extrastriate cortex are uncoupled by 
early enucleation. The failure of extrastriate cortex to 
acquire its appropriate AChE labeling suggests that the 
specification of extrastriate cortex is a late event that is at 
least partially dependent on afferents from striate cortex. 
In this way, the massive reduction of striate cortex leads to 
a deafferentation of extrastriate cortex, which in turn 
results in a failure of this cortex to acquire its normal AChE 
phenotype. 

CONCLUSIONS 
Because early enucleation leads to a reduction in the size 

of striate cortex, we can conclude that the dimensions of 

striate cortex are, at  least partially, specified by the sensory 
periphery. In the present study, we show that the DEC 
displays novel features. These could well be solely the 
consequences of modified afferent specification, although 
we cannot exclude the possibility that they reflect an early 
specification in the ventricular zone of this region. 

Except for the reduction in size, early enucleation has 
little effect on the characteristics of striate cortex. This 
contrasts with extrastriate cortex, where enucleation has a 
drastic influence on patterns of both GO and AChE label- 
ing. These results suggest that afferent specification of the 
cortex acts in a cascade fashion, spreading from a primary 
area and relaying to more distal regions by cortical path- 
ways. These findings suggest that peripheral damage dur- 
ing development can be expected to trigger widespread 
modifications of the cerebral cortex. These findings could be 
important in future studies investigating the consequences 
of congenital anomalies in peripheral sense organs in 
human brain development. 
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