
Analysis of an Experimental Cortical Network: ii) Connections of Visual
Areas 17 and 18 After Neonatal Injections of Ibotenic Acid

G.M. Innocenti and P. Berbela

Institute ofAnatomy, University ofLausanne, Rue du Bugnon,
1005 Lausanne, Switzerland

aPresent address:
Department of Histology and Institute of Neuro-
science
Faculty of Medicine
University of Alicante
03690 Alicante, Spain.

some parts of the microcortex receive from, but
do not project into, the corpus callosum. In ad-
dition, the microcortex maintains afferents from
ipsilateral and contralateral auditory areas AI
and AII which are normally eliminated in devel-
opment.

SUMMARY

Lesions of cortical areas 17 and 18 were pro-
duced in newborn kittens by local injections of
the excitotoxin ibotenic acid. In the adult this
results in a microcortex which consists of super-
ficial layers I, H and IH, in the absence of gran-
ular and infragranular layers. Horseradish per-
oxidase, alone or wheat germ agglutinin conju-
gated, was injected in the microcortex or in the
contralateral, intact areas 17 and 18. The micro-
cortex maintains several connections character-
istic of normal areas 17 and 18 of the cat. It re-
ceives afferents from the dLGN, and several vi-
sual areas of the ipsflateral and contralateral
hemisphere. However, it has lost its projections
to dLGN, superior colliculus, and, at least in
part, those to contralateral visual areas. Thus
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INTRODUCTION

As described in detail elsewhere /29/,
injections of ibotenic acid (ibo) in the visual
cortex (areas 17 and 18) of kittens on their
second or third postnatal day, result, near the
center of the injection, in the formation of a
microeortex consisting exclusively of the
supragranular layers I, II and III. At the
transition between the microcortex and the
intact cortex, the granular and infragranular
layers progressively reappear in a characteristic
outside-in sequence. The formation of a
mieroeortex seems to be due to a differential
sensitivity of postmigratory and migrating
neurons to the neurotoxin; while the first are
killed the second are spared and complete
migration, giving rise to the cortical layers they
are normally destined to.

Thus, the neonatal ibo injection results in the
formation of a "simplified" neoeortex, which may
facilitate the analysis of cell-cell and cell-
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substrate interactions in development as well as
that of the relations between neocortical
structure and function. In addition, from the
point of view of its architectonics and
pathogenesis, the microcortex obtained by
neonatal injections of ibo resembles microgyria,
a congenital malformation of the human cortex,
often associated with mental retardation,
epilepsy and possibly dyslexia (for ref. and
discussion see/29/); it may, therefore, provide a
model for the study of this malformation.

Here we describe some general aspects of the
afferent and efferent connectivity of the micro-
cortex, and in particular three cortico-cortical
projections to areas 17 and 18, i.e., the callosal
projections from contralateral areas 17-18 and
AI-AII, and the ipsilateral projections from areas
AI-AII, all of which are known to undergo mas-
sive axonal elimination in development
/10,11,25,31-33,35,36/. The development of the
latter projection to the microcortex was also
studied and will be compared to the normal de-
velopment of the same projection/33/. A_s dis-
cussed earlier/28,30-32/, the fact that most cor-
tico-cortical transient axons either do not enter
the cortex or, when they do, do not elaborate
terminal arbors suggests that axons which grow
to the cortex recognize some aspect of the target
and this determines their fate. The selective
deletion of cortical layers produced by neonatal
injections of ibo may help to clarify if cortical
layers are specifically involved in the selection
that corticopetal afferents undergo in develop-
ment. Preliminary reports of these results were
published/30,34/.

MATERIALS AND METHODS

Experiments were performed on 23 kittens,
born in our breeding colony. About one half of
the kittens were obtained from timed pregnan-
cies and were delivered on day 65 _+ 2 post-con-
ception. All kittens received injections of ibo in
areas 17 and 18 of the right hemisphere between
postnatal days (pal) 1 and 14, and were subse-
quently injected with tracers, usually WGA-
HRP, in their visual or auditory areas at different
ages. Table 1 shows ages at ibo injection and at
death, doses of ibo and of tracers. Methods for
ibo injections were described in Innocenti and
Berbel/29/, those for tracer injection and tissue

processing in Innocenti et al./30/. During surgery
and injections the animals were anesthetized
with Ketalar (25-35 mg/kg, i.m., depending on
age) supplemented by a mixture of NzO, Oz and
isoflurane (Forene) as needed. Local anesthesia
(2% Xyloeaine) was applied to the wounds. Per-
fusions were performed under deep barbiturate
anesthesia (> 40 mg/kg, i.p.). The distribution of
labeled neurons was drawn from selected see-
tions using a computer-linked microscope/20/.
Reconstructions of the distribution of neurons
were performed using a computer and an ap-
propriate software. The locations of the ibo le-
sions and of the injection sites were defined with
reference to standard stereotaxic planes/59/and
standard electrophysiological maps of the visual
areas/60/and of the dLGN/61/. As described in
detail elsewhere/29/, in all the animals the le-
sions consist of a core where the deep part of
layer III and all the layers underneath are de-
stroyed, layers II and the top of layer III are
spared and form a characteristic microcortex. At
the periphery of the injection, progressively
deeper portions of the cortex are spared; typi-
cally though, layer V and sometimes a part of IV,
are destroyed further away from the injection
center than layer VI.

The animals were divided in 2 experimental
groups (Table 1). Af-ferents to the microcortex
were studied in four animals (IBO 2, 7, 9 and 69)
which received HRP or WGA-HRP injections
into the right areas 17 and 18, where ibo had
been injected at birth.

In IBO 2, the HRP injection was caudal to the
ibo lesion and overlapped minimally with it (see
below). No detailed description of this experi-
ment will be given since the distribution of neu-
rons labeled by the HRP injections was similar to
that found in normal animals/30/.

In IBO 7, the neonatal injections of neurotox-
in damaged the cortex of the lateral, postlateral
and suprasylvian gyri approximately between the
stereotaxic planes P8 and A5. The core of the le-
sion was between P7 and A4.5. At its greatest
mediolateral extension (P3, P4) it occupied the
whole lateral-postlateral gyrus from the bottom
of the splenial sulcus to that of the lateral sulcus,
but it also involved the bottom of the supra-
sylvian sulcus. Caudally, the lesion became re-
stricted to the convexity of the postlateral gyrus
and rostrally to the medial and lateral banks of
the lateral gyrus. Partial destruction of layers IV-
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VI and clearing of layer V were found over the
rest of areas 17 and 18 and also involved 19, 21a,
PMLS, PLS, VI.S and 2lb. Judging from the
distribution of extracellular precipitate, the
WGA-HRP injection was centered roughly at
P3; it occupied approximately 2 mm
rostrocaudally and the same dorsoventrally on
the dorsal convexity of the postlateral gyrus,
involving areas 17 and 18, entirely within the
region of severe ibo lesion (Fig. 3).

In IBO 9, a more circumscribed lesion was
found. The cortex of the lateral and postlateral
gyri was damaged between P9 and P1. The core
of the lesion was between P8.5 and P1.5 and at
its greatest mediolateral extension (P5-6) it
occupied the whole extent of area 18, the dorsal
half of area 17, and it involved over a few
hundred microns the bottom of the suprasylvian

sulcus (area 21a). As in IBO 9, from caudal to
rostral the lesion came to occupy parts of 17 and
18 away from the dorsal convexity of the gyrus.
Partial destruction of layer VI and clearing of
layers IV-V extend over a broader territory
including a restricted part of area 19. WGA-
HRP injections were placed along the postlateral
gyrus and span between P8 and P4, on the dorsal
convexity of the gyrus, as in IBO 7, and were
similarly confined to within the region of severe
ibo lesion.

In IBO 69, the cortex was damaged between
P8 and A3. The core of the lesion was restricted
to areas 17 and 18 and covered a V-shaped
territory whose apex was on the convexity of the
postlateral gyrus at approximately P4 and
stretched rostrally, separately over 17 and 18,
approximately as far as A4. Partial destruction of

50 iJm

Fig. 1: A, photomicrograph of the dLGN in IBO 9 showing dense retrograde labeling in the medialmost part of the
nucleus (on the left) after a WGA-HRP injection in the microcortex. B, photomicrograph of individual labeled
neurons in the dLGN of IBO 7 (toluidine blue counterstaining) after a WGA-HRP injection in the microcortex.
Arrows point to individual labeled neurons of medium size, arrowhead to a large labeled neuron. Soma size
and the distribution of dendritic stems of the large and medium neurons resemble those of Guillery’s/211
class and 2 thalamic relay cells (c.f. Fig. 1/24/).
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Fig. 2: Photomicrographs of WGA-HRP labeled cortico-collicular projections at corresponding rostrocaudal collic-
ular levels in three animals, A. terminal field labeled in a normal animal (IBO 81 c) after a large injection in-
volving areas 17 and 18 to the exclusion of their caudalmost portion. Medial is to the left. B. terminal field
labeled in an animal (IBO 69) where parts of areas 17 and 18 corresponding to the center of the visual field
were microcortical. The labeling is restricted to a narrow lateral portion of the colliculus. C. terminal field la-
beled by an injection in the intact areas 17 and 18 (IBO 12) and restricted to the center of the visual field
(medial is to the dghO. D. schematic representation of the terminal fields in A-C. showing their respective
topographic positions; D. was drawn mirror-reversed. Notice that in B no anterograde labeling is found in
the part of the colliculus corresponding to microcortex.
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TABLE 1. Summary ofexperiments

Animal Age (days) at Dose of Tracer injections
code 1BO IBO site type x/1

injection death 01 x /1 )

IBO 2 2 369 2.5 x 30 17/18 R 50% HRP 4 x 0.55
IBO 6 1 35 2 x 30 17/18 L 50% HRP 4 x 0.5
IBO 7 2 81 2 x 30 17/18 R 10% WGA-HRP 1 x 0.15
IBO 8 2 92 2 x 30 17/18 L FB, DY, RL 1 x (0.1, 0.15, 0.2)
IBO 9 2 100 2 x 30 17/18 R 10% WGA-HRP 3 x 0.15
IBO 12 1 97 2.5 x 30 17/18 L 10% WGA-HRP 4 x 0.2
IBO 17 2 3 2.5 x 30 17/18 L 10% WGA-HRP I x 0.2

I x0.5
IBO 19 2 8 2.5 x 30 17/18 L 10% WGA-HR I x 0.4

lx0.7
IBO 62 3 366 "1 x 30 17/18 R 10% WGA-HRP 2 x 0.15
IBO 69 2 374 1 x 30 17/18 R 10% WGA-HRP I x 0.5

IBO 11 1 90 2.5 x 30 AI/AII R 10% WGA-HRP 5 x 0.15
IBO 13 1 104 2.5 x 30 AI/AII R 10% WGA-HRP 8 x 0.15
IBO 26 2 55 2.8 x 10 AI/AII R 10% WGA-HRP I X 0.22
IBO 27 2 208 2 x 10 AFAII R 10% WGA-HRP 5 x 0.24
IBO 29 2 155 1 x 20 AI/AII R 10% WGA-HRP 6 x 0.15
IBO 30 2 196 *0.5 x 30 AI/AII R 10% WGA-HRP 5 x 0.24
IBO 43a 3 41 1 x30 AFAII R 10% WGA-HRP 1 x 0.15

I x0.23
IBO 45 3 18 1 x 30 AFAII R 10% WGA-HRP lx 0.1
IBO 46 3 27 1 x 30 AFAII R 10% WGA-HRP 5 x 0.1-0.3

AMAII L 10% WGA-HRP 2 x 0.1-0.7
IBO 47 3 11 1 x 30 AI/AII R 10% WGA-HRP I x 0.03
IBO 49 7 167 1 x 30 AFAII R 10% WGA-HRP 5 x 0.22
IBO 96 6 65 1 x 30 AI/AII R 10% WGA-HRP 4 x 0.15-0.22
IBO 98 2 14 1 x 30 All R 10% WGAoHRP I x 0.045

Survival after WGA-HRP injection was 24 h, after HRP injection, 48 h. Asterisks denote doses which did not provoke a lesion.
Aqueous solutions of FB and DY were 1.5 and 2%, respectively. AI, first auditory area; AII, second auditory area; DY,
diamidino yellow; FB, fast blue; HRP, horseradish peroxidase; L, left hemisphere; R, fight hemisphere; RL, rhodamine latex
mierospheres; WGA, wheat germ agglutinin; 17, area 17; 18, area 18.

layer VI and cleating of layers IV-V extended
over a broader portion of areas 17 and 18 and in
the region of their maximal mediolateral extent
may have included a small part of area 19. The
WGA-HRP injection site was much larger than
in IBO 7 and 9; it comprised the injured cortex
and the underlying white matter and, especially
at the most rostral levels extended into normal
cortex, both rostrally and laterally, involving the
gray matter of area 19 and lightly that of the
medial bank of the suprasylvian sulcus (area
PMLS) /54/. With this large injection site we
intended to visualize, unlike in the other two
animals, not only the afferents to the microcortex
but also those to the surrounding intact cortex.

Two control animals received tracer
injections in areas 17 and 18. One of these
animals (IBO 81c; not included in Table 1; also
described in ref. /33/) was a normal adult of
unknown age. It received 6 injections (0.5
each) of 10% WGA-HRP, which filled the
lateral and postlateral gyri of the right
hemisphere between the stereotaxic planes P8
and A10 where they involved nearly completely
areas 17 and 18 and part of area 19. The dLGN
contained labeled neurons everywhere within its
rostral two thirds. This injection site is similar in
its location to that of IBO 69 but is slightly larger.

The second animal (IBO 62; Table 1)
received an ibo injection on pd 3, which, for
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unknown reasons, failed to provoke the lesion.
The WGA-HRP injection filled the lateral and
postlateral gyri of the right hemisphere between
P8.5 and P4 involving both areas 17 and 18.
Retrograde labeling was found in the dLGN
between A5 and A6.5, i.e., roughly at
intermediate rostrocaudal levels, and was
confined to the medial half of the nucleus.

Projections into the corpus callosum from the
ibo injected cortex were studied in a second
group of animals (IBO 6, 8 and 12) where tracers
were injected in the hemisphere contralateral to
the ibo injection. The most interesting of these
animals was IBO 12 in which the lateral and
postlateral gyri were injured between the
stereotaxic planes P4 and A6. The core of the
lesion was between P4.5 and A4 and involved
large portions of areas 17 and 18, and possibly,
the medialmost portion of area 19. There was
complete loss of neurons and therefore
discontinuity of the cortex over a few hundred
microns near the crown of the postlateral gyrus,
corresponding to the center of the ibo injection.
The WGA-HRP injection filled the crown of the
lateral and postlateral gyri in the left, intact
hemisphere, between P9 and P4, extending
ventrally for about 2 mm over areas 17, 18 and
the underlying white matter. Labeled neurons
were found in the retinotopically corresponding
part of dLGN.

In IBO 6, the lesion was similar in its location
and extent to that of IBO 12 but less severe,
since no complete destruction of the visual cor-
tex was found. The HRP injection was larger
than in IBO 12 and involved the lateral and
postlateral gyri, apparently in their whole medi-
olateral extent, between the stereotaxic planes
P5 and A8, which resulted in complete labeling
of the rostralmost three fourths of the dLGN. In
IBO 8, the lesion extended between P10 and A8.
Its core was between P9 and A5; at its greatest
mediolateral extent, it involved the whole of ar-
eas 17, 18 and most of area 19 and the suprasyl-
vian areas near the fundus of the suprasylvian
sulcus were also involved over several hundred
microns. Three fluorescent tracers, from caudal
to rostral: rhodamine latex beads (RL)/40/, di-
amidino yellow (DY)/41/and fast blue (FB)/3/
were placed between P7 and A4. These injection
sites were confined to within regions of the lat-
eral gyrus homotopic to those containing the
core of the lesion. The DY injection was proba-

bly too small to be effective and indeed did not
label neurons either ipsilaterally in the dLGN or
contralaterally.

Callosal connections of the microcortex were
also studied in two animals (IBO 17 and 19:
Table 1) which received WGA-HRP contra-
lateral to the neonatal ibo injection, respectively
simultaneously to it and 5 days later. In IBO 17,
loss of cortical neurons with the exception of
those in a thin superficial layer near the bottom
of layer I, and of the migrating neurons, Was
found, as is typical 24 h after the injection (see
ref./29/) over a broad region comprising the cor-
tex of the lateral and postlateral gyri in their full
mediolateral extent between the caudal end of
the hemisphere and the rostral end of the dLGN.
The WGA-HRP in the contralateral hemisphere
span an approximately similar territory. There
was a similar lesion and WGA-HRP injection in
IBO 19 in which unfortunately the site of ibo in-
jection, as sometimes occurs/29/, was undergo-
ing cystic degeneration.

Projections from auditory areas to the micro-
cortical areas 17 and 18 were traced antero-
gradely with WGA-HRP in a second group of
animals (Table 1). The strategy in 6 of these ex-
periments (IBO 11, 13, 26, 27, 29, 30) was to vary
systematically the amounts and concentration of
ibo at injection in order to try to define the
smallest lesion capable of inducing stabilization
of the auditory-to-visual projection (see Results).
Consequently, the damaged cortex (including mi-
crocortex and the transitional cortex) extended
from P8 to A6 in IBO 13, which was the animal
with the largest lesion, and from P6 to A3.5 in
IBO 26, which had the smallest lesion with the
exception of IBO 30, where no lesion was found.
In all cases the lesion was centered on areas 17
and 18 with minimal or no involvement of area
19 near the bottom of the lateral sulcus and no
involvement of suprasylvian cortex. In 5 other
experiments (IBO 43a, 45, 46, 47, 98) the
amount of ibo was kept constant but the age of
WGA-HRP injection was varied between pd 10
and 40, i.e., within the period in which auditory-
to-visual projections normally disappear /33/.
Severity and location of the ibo lesions resem-
bled those described above although given the
smaller size of the brains direct quantitative
comparison was not possible. Finally, in two
animals (IBO 49 and 96) ibo was injected on pd 6
and 7, at which ages even more extreme reduc-
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tions of cortical thickness can be obtained/29/.
In all these kittens WGA-HRP was injected in
the ectosylvian auditory areas ipsilateral to ibo
injections aimed at AI and AII.

RESULTS

Subcortical connections

In ibo injected kittens, the dLGN ipsilateral
to the microcortex had usually maintained its
normal shape and cellular composition although
it was often smaller than on the intact side. In a
few cases, those in which the ibo injection re-
suited in regions of complete cortical destruction
/29/, degenerated sectors retinotopically corre-
sponding to the destroyed cortex could be found.

In animals (IBO 7, 9, 69), where the tracer
was injected in the mierocortex, labeled neurons
were found in the thalamic nuclei dLGN and
lateralis posterior. In the dLGN, they extended
over all laminae and had either large (20-30
in diameter) or medium size (10-20 /xm in
diameter) somata. Size and shape of these
neurons resembled those of Guillery’s /21/ class 1
and 2 neurons, suggesting that both classes still
projected to the visual areas (Fig. 1). The
position of the labeled neurons in the dLGN
indicated maintenance of at least roughly normal
topological relations between dLGN and cortex.
Indeed, in the two animals (IBO 7 and 9) the
HRP injection was restricted to the crown of the
postlateral gyrus, in a region of central visual
field representation/60/the labeling was found
in the retinotopically corresponding, medialmost
1/5th of the dLGN, centered around the
stereotaxic plane A5 and extending
rostrocaudally for about 1 mm (Fig. 1 A). In
contrast, in IBO 69, the HRP injection extended
over most of the posterolateral and lateral gyri;
retrograde labeling was found nearly throughout
the whole dLGN. Since labeled neurons were
not counted, nor was the topography of the
projection studied in detail (such studies are
under way), these findings do not exclude the
possibility of subtle changes in the
geniculocortical projection.

In all these animals, most significantly in those
where the injection site seemed restricted to the
injured part of areas 17 and 18 (IBO 7 and 9)

labeled neurons were also found in the
claustrum.

The anterograde transport obtained with
WGA-HRP injections in the microcortex in the
experiments described above was also studied.
Since the neonatal ibo-injections destroy the
infragranular layers/29/which are the source of
projections to the superior colliculus (SC)/17/,
thalamus/17/and claustrum/46/, no projections
to these structures were expected. Indeed, no
projection to SC was found in IBO 7 and 9 while
in IBO 69, consistent with the location of the
lesion, with that of the tracer injection in areas
17 and 18, and with the retinotopicity of the
cortico-collicular projection, labeling was
restricted to portions of the colliculus
representing visual field locations at about 10"-
20* below the horizontal meridian/4/(Fig. 2).
A light extracellular precipitate was found in

parts of the dLGN retinotopically corresponding
to the microcortex and in the claustrum in IBO 9
and 69 but not in IBO 7. The precipitate was
interspersed among labeled neurons. It is
probably due to filling of fine dendritic branches
or of initial axon collaterals.

Intrahemispheric corticocortical afferents

The analysis of intrahemispheric projections
was performed in (IBO 7 and 9) with tracer
injections restricted to the microcortex. In both
animals, retrograde labeling was found in visual
areas 17, 18, 19, 20a, 21a, 21b, VI, PMLS,
PLLS and AMI_S (Fig. 3) as in normal animals
(see ref. /60/) or in animals whose intact
hemisphere was injected (IBO 6, 8 and 12). In all
these areas, as in normal animals, the projections
originated more heavily or exclusively from the
infragranular layers, especially layer VI (Fig. 3).
No quantitative analysis of the topographical
distribution of the labeled neurons was
performed, but in general, although the injection
sites were restricted and indeed labeled the
dLGN only at positions roughly corresponding to
the region of area centralis (see above), the
labeling extended broadly over the visual field
representations in the various areas. This was
particularly striking in area 1-7 itself where a
continuous band of labeling extended all the way
to the medial periphery of this area in the
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Pd 2- 99- 100

M

IBO 9

E

D

No. 3: Retrograde labeling of intrahemisphedc cortico-cortical afferents to microcortical areas 17 and 18. Age of
the animal at ibo Injection, WGA-HRP Injection, and death, and animal code are Indicated. The injection site
(hatched) is shown in A, in small section drawings 1-3 from posterior to anterior) and on brain figurine. The
levels of sections (A-E) are indicated on brain figure. In each section a continuous line denotes the bottom
of normal layer VI, an interrupted line denotes the bottom of the thinned layer VI, usually accompanied by
degeneration of layer V. T(s) denote the bottom of the three layered microcortex (see ref. 29, for cytoar-
chitectonic descriptions). Arrows indicate dorsal (D), medial (M) and posterior (P) directions. Notice that
areas 17 and 18 receive afferents from large portions of the occipital cortex Including several visual areas;
those from areas 1-/and 18 originate from neurons close to the bottom o1’ microcortex and in A and B the
whole mediolateral extent o1’ area 17 projects to the injection site. Only a narrow portion of the dLGN was
labeled by the same injection (Fig. 1.
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splenial sulcus and beyond, i.e., 5 6 mm away
from the periphery of the injections (Figs. 3, 4).
A similarly uninterrupted band of labeled
neurons extended through area 18 into area 19.
This is very different from what we previously
found in normal adult animals (see Figs. 4, 8 and
9 in ref./35/) or, in the present study, in animals
whose intact hemisphere was injected. In all
these normal cases, injections on the crown of
the lateral or postlateral gyrus labeled neurons in
restricted portions of areas 17 and 18 extending
over about 2 mm from the periphery of the
tracer injection, although a few neurons could be
found further away. We found no convincing
evidence of clustered distribution of the
projection neurons (Figs. 3, 4) which is a well
known characteristic of the intrinsic connectivity
of areas 17 and 18 in the adult/18,19,49/(see
also Fig. 9 in ref. /35/) as well as of the
connectivity between areas 17 and 18/55/(see
also Figs. 8 and 12 in ref./35/). Nevertheless, our
injections may have been too large to reveal
clustered connections and no quantitative tech-
niques for the detection of periodic distributions
of labeled neurons/6/were applied; hence this
negative finding is worth further investigations.
The broad distribution of labeled neurons in
areas 17 and 18 obtained after tracer injections
restricted to the top of the lateral and postlateral
gyri resembled that found after similar injections
in newborn kittens/10/.

In the microcortex, labeled neurons extended
from the white matter to the bottom of layer I.
Since a large fraction of the intrinsic projections
in 17 and 18 and of the 17 to 18 projection
originate from supragranular layers (examples in
ref./35/), the finding is consistent with the notion
/29/ that the microcortex consists of supra-
granular layers III and II.

In addition to those from the expected visual
areas, non-negligible projections were also found
from area 7, most clearly at its most rostral level
explored, and from areas AI-AII. The latter
projection will be described in detail below.
Some neurons were also labeled in areas 20b,
21b, DLS, and in the splenial region, including
the splenial visual area of Kalia and Whitteridge
/38/as well as the splenial cingulate cortex.

lnterhemispheric cortico-cortical connections

The analysis of the distribution of callosal
neurons afferent to the microcortex was
performed in IBO 7, 9 and 69. After tracer
injections restricted to the microcortex (IBO 7,
9) or including part of the surrounding normal
cortex (IBO 69) labeled neurons were densest in
contralateral areas 17, 18, 19, 21a, PMLS and
PLLS. In contrast, no labeled neurons were
found in 20a and 20b and very sparse ones in 21b
and VLS (Figs. 5, 6). Thus these ventral visual
areas did not appear to contribute significant
callosal projections to the microcortex although
they did send significant ipsilateral projections to
it. The distribution of labeled neurons resembled
that previously reported for normal cortex
/24,42,63-65/. In particular, an asymmetry
between callosal and ipsilateral connections of
the ventral visual areas with areas 17 and 18
similar to that observed here can be deduced
from previously published works (cp. refs./64,65/
with ref./67/). The radial distribution of labeled
callosal neurons also resembled that found in
normal animals/24/, i.e., homotopic projections
from 17 and 18 originated mainly from
supragranular layers although a few neurons
were found in infragranular layers, mostly layer
VI; in contrast, the relative contribution of the
infragranular layers became progressively
greater in areas 19 and 21a and was
overwhelming in PMLS and PLLS (Figs. 5, 6)
/42/.

As in normal adult cats /24/, the origin of
callosal projections in areas 17 and 18 was
restricted to near their common border. We had
the impression that in these areas there may
have been fewer labeled neurons than in normal
cats but did not attempt to quantify this
difference. In any case, the distribution differed
from the widespread one found in the same
areas in the newborn kitten. Thus, unlike what
seems to be the case for other connections, more
clearly for the auditory-to-visual intra- and
interhemispheric projections (see below), the
juvenile exuberant callosal projections from
medial 17 to the microcortex were not stabilized.
Nor were these projections to the surrounding
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Fig. 4: Retrograde labeling in the medial part of area 17, following an injection in the dorsal parts of microcortical
areas and 18 (IBO -(). A is 240/m rostral to B which corresponds to the black portion of C. The part of B
denoted by vertical bars is shown enlarged in F. D shows the center of the Injection site (cross hatched)
and is 1440/m rostral to C. E shows the distribution of labeled neurons at a location similar to that of F but
in an adjacent toluidine-blue stained section. Calibration bars in E and F are 100/m. Notice that labeled
neurons are at the bottom of the cortex, particularly numerous near the splenlal sulcus (spl), i.e., several
mm from the periphery of the injection, in a region of three-layered microcortex.
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Pd 2- 99- 100

IBO 9

D
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Fig. 5: Retrograde labeling of interhemispheric afferents to microcortical areas 17 and 18 in the same animal
shown in Fig. 3. The levels of sections (A-E) are indicated on the brain figurine. Other conventions as in Fig.
3. Notice that the microcortex receives afferents from several contralateral dorsal visual areas but, unlike
for intrahemispheric projections, not from ventral visual areas.
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Pd 2-372-374
IBO 69

D 2

D

Fig. 6: Retrograde labeling of interhemispheric afferents to microcortical areas 17 and 18 and the surrounding
normal cortex. The injection site (hatched) is shown in the reduced section drawing; the microcortex, whose
extent and location are described in "Methods", is nearly completely involved but intact parts of 17, 18 and
19 are involved as well. The distribution of labeling is similar to that found in a normal brain (c.f. Fig. 4 in ref.
24). Levels of sections are similar to those in Fig. 5. Other conventions as in Figs. 3-5.
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Fig. 7: A, Photomicrograph of anterogradely labeled callosal axons and retrogradely labeled callosal neurons
(including their axon and some of its collaterals) near the 17/18 border, in a part of cortex reciprocally
connected with the normal areas 17 and 18 (IBO 69). B, Polarized-light photomicrograph of the same re-
gion and of deeper portions of the cortex and white matter. C, Photomicrograph of retrogradely labeled
callosal neurons (including their axon and some of its collaterals) near the 17/18 border, in a part of cortex
which projects to microcortical areas 17 and 18 (IBO 69). D0 Photomicrograph of anterogradely labeled
callosal axons in the microcortex, presumably near the 17/18 (IBO 6) border. E, Polarized-light photomicro-
graph of the same region. Notice that the microcortex receives axons from its contralateral homologue
(labeled neurons in C and axons in D, C), but does not project to it, hence the absence of anterogradely
labeled axons in C, while in D, E only 3 labeled neurons (arrows) can be seen.
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normal cortex stabilized as shown by the animal
IBO 69 (Fig. 6) where the latter was also
involved by the injection. Labeled neurons were
restricted to portions of areas 17 and 18
homotopic to the injection, indicating that the
microcortex maintained point-to-point relations
with its intact homologue.

No anterograde transport to areas 17 and 18
of the contralateral hemisphere was found in
IBO 7 and 9 (Fig. 7 C), indicating that the
callosal projections of the microcortex are non-
reciprocal as retrograde transport experiments
from these areas confirmed (see below). IBO 69,
where the tracer injection extended to the
normal cortex, also had no anterograde transport
to regions homotopic to the mierocortex while
this was present in regions homotopic to the
normal cortex. This confirms that the
rostrocaudal point-to-point topography of
callosal projections was, at least grossly,
preserved in ibo-injected animals.

Projections into the corpus callosum from the
ibo injected cortex were studied in IBO 6, 8 and
12 (Table 1) in which, respectively, HRP, WGA-
HRP and fluorescent tracer injections were
placed in the lateral and postlateral gyri
contralateral to the microcortex.

The callosal connections of primary visual
areas in IBO 12 had several interesting features.
Confirming the anterograde results mentioned
above, no callosal neurons, but anterograde
labeling was found in parts of areas 17 and 18
corresponding to the microcortex (Fig. 7 D, E).
The anterograde labeling was restricted to a 500
1000/m wide region near the crown of the

postlateral gyrus, which in normal adults would
correspond to the border between areas 17 and
18. All microcortical layers were labeled.
Labeled callosal neurons were found in parts of
the lateral and postlateral gyri which had been
spared by the ibo injections. At the transition
between normal cortex and microcortex these
neurons acquired a progressively deeper
location, closer to the white matter, before
disappearing (Fig. 8). The change in their radial
position appeared determined by the
concomitant progressive loss of the infragranular
and granular layers/29/.

As in normal adult cats /24/ the callosal
neurons were restricted to a 2 4 mm wide
region near the crown of the postlateral gyrus,
which in normal adults would correspond to

parts of areas 17 and 18 near their common
border. However, the density of labeled neurons
in portions of area 17 between the crown of the
postlateral gyrus and the suprasplenial sulcus
was higher than what we previously observed in
normal cats, especially at the more rostral levels
where, approaching the center of the ibo lesion,
callosal neurons had disappeared from their
normal location in area 18 and the adjacent
portion of area 17; it was also higher than in
animals in the present study, whose microcortex
had been injected with tracers (cp. sections A-C
in Fig. 6 and A-F in Fig. 8).

In IBO 6, the callosal connections of the
microcortex were similar to those found in IBO
12 in two respects. First, no labeled callosal
neurons were found near the center of the ibo
lesion but they progressively reappeared away
from it. Second, terminating callosal axons were
found in the absence of callosal neurons in the
ibo injured cortex at a location similar to where
they would have been in normal animals. As in
IBO 12, labeled callosal neurons extended
considerably further into 17 than in normal
adults. However, the tracer was injected on pd
35 which is before callosal neurons have
acquired fully adult distribution.

IBO 8 confirmed the absence of callosal
projections from the microcortex and the
existence of a rostrocaudal topography in the
remaining projection but not the expansion into
area 17 of the callosally projecting zone.

Preliminary information on the development
of the callosal connections in ibo-injected
animals were obtained in IBO 17 and 19 which
were sacrificed, respectively, 24 h and 6 days
after the ibo injection, 24 h after large WGA-
HRP injections in the contralateral hemisphere
which filled the whole lateral and postlateral gyri
contralateral to the ibo lesion. As described
elsewhere/29/, 24 h after an ibo injection only a
thin layer of intact neurons is found near the
bottom of layer I. No labeled neurons were
found in this part of the cortex, but they
reappeared at the periphery of the lesion.
Anterogradely labeled callosal axons, as in
normal animals/32/massively entered the cortex
as far as the top of layer I, only near the crown of
the lateral gyrus, presumably near their normal
target, the border between areas 17 and 18. In
the rest of the gyrus, callosal axons terminated
closer to the surface of the brain than in normal
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Fig. 8: Retrograde labeling of interhemispheric efferents from microcortical areas 17 and 18 (and other dorsal vi-
sual areas). All conventions are as in Figs. 3-6. Notice that labeled neurons disappear in the three layered
microcortex; they extend further medially into 17 than in normal brains (c.f. Figs. 5 and 6).
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animals, i.e., they extended through parts of the
cortex which consisted only of degenerating
debris but exceptionally through the layer of
intact neurons.

The situation was unchanged 6 days after the
ibo lesion, i.e., the front of transitory callosal
axons remained confined to the white matter,
thus presumably below the neurons which had
completed migration in the time between ibo
injection and sacrifice (see ref. /29/). In this
animal, however, only projections to the cortex
at the transition between the normal and the
injected cortex could be evaluated since the
latter was undergoing cystic degeneration, as it
happens in some cases/29/.

These findings are consistent with those in
older animals, in particular concerning the
selective distribution of terminating callosal
axons seen in the adult microcortex. In addition,
they suggest that the presence of healthy neurons
may prevent the growth of callosal axons in
regions which will not receive callosal afferents
in the adult.

Afferentsfrom auditory areas

In IBO 7, 9 and 69 labeled neurons were
found bilaterally on the lateral convexity of
middle ectosylvian gyrus, and in the banks of the
superior end of the posterior ectosylvian sulcus.
This region corresponds to the low frequency
representation in AI and possibly AII/58/. The
labeling was restricted to a patch similar in
extent and location in the three animals,
surrounded by unlabeled regions and therefore
separated from the labeled portion of the
suprasylvian visual areas PLLS and ALLS of
Palmer et al. /54/ (Fig. 9).

In the ipsilateral hemisphere, the patch
spanned rostrocaudally 2700 (IBO 9), 3360 (IBO
7) and 3480 (IBO 69)/xm and approximately the
same distance mediolaterally. Judging by the
morphology of the nearby dLGN the labeling
extended between the stereotaxic planes A4.5 5
and A8.5 9. Usually 30 34 labeled neurons per
section were found which gave estimates
(uncorrected for double counts) of 1080 (IBO 9),
1290 (IBO 7), 1580 (IBO 69) neurons over the
whole region in each animal.

In the contralateral hemisphere, the patch
spanned about 2200/xm in both IBO 9 and 69,

and could not be appreciated in its total rostro-
caudal extent in IBO 7. The contralateral patch
extended less far forward than the ipsilateral
one, spanning between the stereotaxic planes
A4.5 and 6.5 8. This is consistent with the find-
ing that in normal development a sharper rostro-
caudal point-to-point topographical correspon-
dence exists for contralateral than for ipsilateral
auditory-to-visual projections/10,32/. Usually, 8-
16 labeled neurons per section were found which
gave estimates (uncorrected for double counts)
of 200 (IBO 9) and 420 .(IBO 69) neurons over
the whole region in each animal.

Ipsi- and contralaterally projecting neurons
were usually lightly labeled. They were mostly
small and occasionally medium size pyramids in
layers II and III, rarely in layer VI. This radial
distribution of the neurons strikingly differed
from that of neurons projecting to areas 17 and
18 from the lateral suprasylvian cortex, most of
which are in layer VI and a few in supragranular
layers/65,68/. The possibility that stellate cells
contribute to the projection from auditory cortex
cannot be excluded, given the incompleteness of
the labeling and the fact that in each animal
several sections did not cut the cortex per-
pendicularly to the pial surface. In some sections,
most frequently in IBO 69, the labeled neurons
were segregated in 300 600 gm wide clusters
separated by empty spaces.

As described in detail elsewhere/30/, only a
few neurons, most of which in layer VI were
found in auditory areas following injections in
areas 17 and 18 in normal animals or in the
normal hemisphere of ibo injected animals. Very
few labeled neurons were also found in IBO 2,
where the HRP injection was in the injured
hemisphere but caudal to the lesion and invaded
the latter minimally if at all.

No anterograde transport to the auditory
areas was found from either microcortex or
normal cortex. This is consistent with the fact
that no visual-to-auditory projections appear to
exist postnatally/33/.

In order to study the pattern of termination of
the auditory projection in the visual areas, AI
and AII were injected with WGA-HRP in 12 kit-
tens of different ages, whose areas 17 and 18 had
been injected with ibo on pd 1, 2, 3, 6 or 7 (Table
1). The 8 oldest kittens were used to study the
adult projection from auditory cortex to the
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visual microcortex, the others, to study its devel-
opment (see below).

In these animals, precision in the location of
the injection site was critical since, as described
above, the area containing the neurons of origin
of the auditory to visual projection is only about
4mm. On the other hand, the deep layers
(mainly layer VI) of the lateral suprasylvian
areas project to areas 17 and 18 even in normal
animals (see Fig. 9 in ref./33/). In order to be
sure that these neurons were not involved, injec-
tions were usually laterally placed on the con-
vexity of the ectosylvian gyrus and may not have

involved all the neurons projecting to the micro-
cortex. The absence of labeling in i) thalamic
nuclei other than those which are known to
project to the auditory areas, ii) in the visual
areas (see ref. /33/), and iii) the contralateral
suprasylvian areas were taken as evidence that
no uptake of tracer had occurred in the lateral
suprasylvian areas. The distribution of
retrograde labeling at homotopic contralateral
sites provided an additional control that uptake
of tracer had indeed occurred in the part of AI-
AII where neurons projecting to 17 and 18 were
expected to be.

Pd 2-79-81

mm

A B C D E F G

Fig. 9: Charts showing distribution of retrogradely labeled neurons in ipsilateral ectosylvian auditory region fol-
lowing injections in the microcortex (areas 1-/and 18). The injection site is shown in small section drawings
(1-3, from posterior to anterior) and on brain figurine which also shows levels of section. The injection is
restricted to three-layered microcortex. Arrows indicate dorsal (D), medial (M) and posterior (P) directions.
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In animals which passed these criteria (all of
those in Table 1), labeled axons could be found
which separated from those directed to the CC,
near the roof of the lateral ventricle, and contin-
ued with a dorsally .ascending trajectory in the
white matter of the lateral gyrus, towards areas
17 and 18. Other axons branched towards area
19. These trajectories are similar to those of
axons which in normal development project
transitorily from auditory to visual areas/33/.

The axons entered selectively the injured part
of the lateral and postlateral gyri. Invariably this
happened not only in regions where a true
microcortex had developed but also in the sur-
rounding, transitional zone, where only layer VI
was completely or partially destroyed. The den-
sity of the precipitate varied from animal to
animal, apparently in relation with the accuracy
bv which the region with auditory-to-visual
projecting neurons was involved. In the best
cases the target cortex was filled in all its
thickness, although the density is higher at the
bottom of the cortex. Occasionally the terminals
tended to accumulate in 200- 300 /.m-wide
"columns" separated by spaces containing lighter
precipitate (Fig. 10).

The presence of these axons seems due to the
lesion: since they were never found in the intact
cortex surrounding the microcortex and they
were also not found in IBO 30 where the dose of
ibo was insufficient to cause a lesion. Axons
originating in the auditory cortex were also found

in the areas 17 and 18 of one kitten (IBO 49) in
which the late (on pd 7) ibo injection had re-
sulted in more severe destruction than in the
other, earlier ibo injected kittens. As described
elsewhere/29/(see Fig. 6 D), the cortex was re-
duced to a wider than normal layer I containing
sparse neurons and a deeper, one or few cell
thick neuronal layer.

The presence of terminating axons in the
microcortex contrasts with the absence of retro-
gradely labeled neurons in the same cortex. The
latter is not unexpected since no auditory-to-
visual projection appears to exist at the age of
ibo injection or later/33/.

Development of the auditory-to-visual projection
following injections ofibotenic acid

The behavior of the auditory-to-visual projec-
tion near its target was studied in 5 kittens in-
jected with ibo on pd 2-3 and subsequently with
WGA-HRP in AI-AII, at different postnatal ages
(Table 1). The results were compared with those
of similar injections in normal animals of ap-
proximately the same age, analyzed previously
/33/. This was done in order to control that the
projection seen in adults did result from the sta-
bilization of the normally transient juvenile audi-
tory-to-visual projection rather than from a
lesion-induced new outgrowth of a projection.
We also hoped to capture events useful for

Fig. 10: Polarized light photomicrographs of axonal projections to microcortical areas 1T (on the left; medial bank
of lateral gyrus) and 18 (on the right) in IBO 13. WGA-HRP was injected in the middle ectosylvian region
and involved areas AI and All. Bar is 200/m.
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understanding the mechanisms of the stabil-
ization.

In the youngest of these kittens (IBO 47, in-
jected with tracer at pd 10) several labeled axons
reached the microcortex of the lateral and post-
lateral gyri, which some of them entered. Occa-
sionally, single axons could be followed as far as
layer I. A similar projection reached the convex-
ity of the suprasylvian gyrus. Growth cones could
be seen in the white matter along the trajectory
of these axons. Fewer axons could be followed
also to the contralateral, normal visual areas;
they only exceptionally entered the gray matter.
Both the ipsilateral and contralateral axonal
projections were identical to those described in
normal kittens of comparable age/33/.

The first animal in which a difference be-
tween the auditory projection to normal and
microcortical areas 17 and 18 could be found was
IBO 98, killed on pd 14. In this animal, several
axons were found in the ibo-injected parts of the
postlateral gyrus (Fig. 11) but not elsewhere in
the intact cortex. These axons seemed more
numerous than anywhere in the lateral and
postlateral gyri of a normal animal (Fig. 12) of
comparable age. In the kitten killed on day 18
(IBO 45) some labeled axons were similarly
found in the white matter of the lesioned part of
the lateral gyrus but unfortunately in this animal
the ibo injection had lesioned the white matter
and the WGA-HRP injection site was very small.

The animals killed on pd 2"7 (IBO 46) and 41
(IBO 43a) were similar to each other and were
very different from normals of comparable age.
In both cases, terminating axons were seen in the
microcortical part of the postlateral gyrus. They
extended over the whole thickness of the gray
matter of both areas 17 and 18 although they had
a tendency to being densest near the convexity of
the postlateral gyrus. Unlike in younger lesioned
or normal kittens where the axons in gray matter
were continuously labeled and appeared un-
branched, the labeling was now dusty suggesting
that the axons may have developed terminal ar-
bors. Continuously labeled axon segments were,
however, also seen, especially in the white mat-
ter.

Axons had completely disappeared from the
other parts of cortex where they were regularly
found in younger kittens, in particular in the
lateral-postlateral and suprasylvian gyri eontra-
lateral to the lesion. In order to be sure that

ipsilateral auditory axons to these areas, not only
the eallosal ones, had been eliminated, in IBO
46, the auditory areas on both sides had been
injected (Table 1).

DISCUSSION

General structure ofibo-induced microcortex

On the basis of several criteria, including
cytoarchitectonics, cell composition and develop-
mental history, we previously suggested that the
microcortex induced by neonatal injections of ibo
consists of neurons which would normally give
rise to the supragranular layers II and III/29/.
Consistent with this interpretation we now found
that the microcortex lacks the main corticosub-
cortical projections, which originate from the in-
fragranular layers/17,18/, as well as the callosal
projections which originate from layer VI and,
more massively, from layer IV and the deep part
of III/24/. The absence of callosal projections
from supragranular layers could not have been
anticipated from the cytoarchitecture of the
microcortex. It indicates that although layer III is
present it may be incomplete. This is compatible
with the hypothesis/29/that ibotenic acid deletes
most of the neurons that have completed migra-
tion at the time of injection.

Projections to within areas 17 or 18, or from
17 to 18 are preserved as one would have ex-
pected, since these projections originate mostly
from layers II and III/17,35,55,68/.

In addition to supporting the previous inter-
pretations on the cellular composition and origin
of the microcortex induced by neonatal injec-
tions of ibo, this finding stresses the robustness
and resistance against epigenetic perturbations
of one of the most specific features of cortical
organization, i.e., the radially specific origin of
corticofugal projections. The supragranular lay-
ers, of which the microcortex consists, do not
establish projections to the structures which nor-
mally receive afferents from the missing layers.
Neither the change in their relative radial posi-
tion in the cortex (i.e., the fact of being closer to
the white matter) nor the absence of competitors
seems sufficient to induce layer II and III neu-
rons to form connections in subcortical targets.
What causes the radially specific origin of corti-
eofugal projections is unclear, although birth-
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Pd 2-13-14
IBO 98

P
1 mm

Fig. 11: Sketches of axonal projections (small dots) from auditory, to microcortical visual areas (17 on the left, 18
on the right of postlateral gyrus) of the same hemisphere. Age at ibo injection, WGA-HRP injection, and
sacrifice, and animal code are indicated. Smaller drawings (1-3 from caudal to rostral) show site of injec-
tion (cross hatched). In each section a continuous line denotes the bottom of normal layer Vl. An inter-
rupted line denotes the bottom of the thinned layer Vl, usually accompanied by degeneration of layer V.
T(s) denote the bottom of three layered microcortex. Arrows indicate dorsal (D), medial (M) and posterior
(P) directions.
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Pd 13.5 14.5
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Fig. 12: Sketches of axonal projections from auditory to visual areas in a normal kitten. Age at WGA-HRP injection
and sacrifice, and animal code are indicated. Sections (from A to E) are ordered from caudal to rostral.
Other conventions as in Fig. 11.
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date, position in a cell lineage or clonal origin
may be involved (for discussion see refs./28, 32/).

Whatever the developmental mechanism, the
microcortex lacks a certain number of projec-
tions and this offers new possibilities for studying
the functional or morphogenetic role of these
projections and of the neurons from which they
originate.

It was puzzling to find that the microcortex
receives thalamic afferents from the dLGN in
the absence of layer IV, the main recipient of
this projection in normal animals /16,45/. The
finding has two possible explanations: i) afferents
from the dLGN may invade layers II and III, or
they may remain restricted to the bottom of layer
III and to layer I where they normally terminate
/45/. Recent findings/1/seem to favor the second
alternative and raise the question of the function
of this abnormal thalamocortical projection.
Surprisingly, the microcortex still shows a num-
ber of normal response properties, including ori-
entation and direction selectivity/1,34/.

Interestingly, callosal afferents reach the mi-
crocortex but do not originate from it. Callosal
afferents to the microcortex originate from their
normal contralateral sites, in particular, in areas
17 and 18 where they are restricted to a strip
near the common border between these two ar-
eas. Their termination is also restricted, appar-
ently to the region where they would terminate
in normal adults.

Thus, it appears that the development of cal-
losal connections between areas 17 and 18 in the
two hemispheres, in particular the focussing of
callosal connections to the 17/18 border, does
not require reciprocal interhemispheric inter-
actions between these areas. Furthermore,
either, as previously suggested /26/, callosal
neurons are not the main target of callosal axons
or the latter can be induced to terminate on
targets other than their normal ones.

Finally, we have seen that the microcortex re-
ceives a number of corticocortical afferents
which would normally go to areas 17 and 18. To
what extent each of these projections is normal
in all respects, can be decided only by a more de-
tailed study than that afforded here. Some of the
connections seem, however, to be abnormal. In
particular, a massive labeling of neurons ex-
tending as far as the splenial sulcus was not pre-
viously seen after injections localized to the
crown of the lateral and postlateral gyri in nor-

mal adults where neuronal labeling much more
circumscribed to near the site of tracer injection
was instead found/35/. It is probable that the
tangentially widespread connections found in the
microcortex are stabilized juvenile exuberant
projections which were demonstrated between
areas 17 and 18 or intrinsic to area 17
/10,39,48,55/.

The stabilization of exuberant projections
seems to be a plausible explanation for the find-
ing that microeortieal areas 17 and 18 receive
abnormal afferents from ipsi- and contralateral
auditory cortex. Transient projections from audi-
tory to visual areas are lost by axonal elimination
during the 1st and 2nd postnatal month
/11,30,32/. The neurons from which the transient
projections originate would normally establish
permanent projections within the ipsilateral
hemisphere, but only short ones, which, in the
case of neurons in AI and AII, reach other audi-
tory areas. That the auditory projection to the
microcortex should be a stabilized juvenile pro-
jection rather than a projection which was des-
tined to some other cortical site and was mis-
routed to the microcortex, or else a projection
whose growth was induced by the application of
ibotenic acid and subsequent lesion is supported
by the following considerations. The auditory-to-
microcortex projection originates from the same
layers as the transient projection. Second, the
analysis of the projection at short intervals fol-
lowing the ibo injection did not give any indica-
tion of lesion-induced "de novo" growth or.ax-
onal misrouting. It rather indicated that axons
which are normally in the target cortex or near it
at the time of ibo injection escape elimination.

Developmental exuberance and the emergence of
neural networks

It has been clear for some years that several
nervous system connections undergo in devel-
opment a phase of "exuberance" during which
more neurons, axons and synapses are formed
than are found in the adult (see for review, refs.
/2, 8, 9, 12, 13, 27/; inter alia). In certain struc-
tures, particularly in the visual system
/5,23,44,56,62/ and in the cerebral cortex
/14,36,37/projections were demonstrated which
are very different from those found in the adult.
In a subsequent phase of "reshaping", neurons
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die, axons are shed, synapses disappear and out
of these regressive events the adult neural cir-
cuits emerge.

The interest in these developmental events is
justified by the impression that they may help to
clarify the mechanisms responsible for the for-
mation of specific connections in the central ner-
vous system, at least in those cases in which
specificity appears to involve selection of pre-
and postsynaptic sets of neuronal elements. Fur-
thermore, the juvenile nervous system seems to
have potentials for connections well in excess of
those normally expressed and this may have
practical consequences in the prevention or
treatment of diseases of the immature brain.

The present experiments were meant to test
the role of the target in the selection of the juve-
nile afferents and in particular the classical con-
cept that growing axons depend on trophic sup-
port from the target, compete for it, and the
losers are eliminated (see refs./7, 9, 13, 25, 47,
57/; inter alia). Our results, however, differ from
those of deletion of peripheral and central tar-
gets on which the above concept is based. In-
stead of the expected increased elimination of
juvenile afferents we obtained, with partial dele-
tion of the target, the stabilization of afferents
which are normally eliminated. The difference
between the results of the classical experiments
and ours is particularly striking in the case of the
animal injected with ibo on pd 6-7, in which sta-
bilization of the auditory-to-visual projection was
obtained even though the target cortex was re-
duced to a few-cell-thick layers (Figs. 6, 7 in ref.
/29/).

It could be that the partial target deletion in-
creased, rather than decreased the production of
putative trophic substances by the target /52/.
Ibotenic acid injections initially provoke an in-
crease of maerophages and a loss of astrocytes,
followed within 1 2 weeks by loss of the first and
increase of the second/29/. Astrocytes may re-
lease substances which directly or indirectly en-
hance axonal survival (for discussion see ref.
/53/). This mechanism, however, is somewhat im-
probable given the fact that the transient axons
from area 17 are not stabilized and the stabili-
zation of axons from auditory areas outlasts the
effect of injury.

Alternatively, the neonatal ibo injection may
have resulted in the elimination of axons which
normally successfully compete with juvenile ax-

ons, leading to elimination of the latter. Since the
microcortex, at least qualitatively, seems to re-
ceive all the afferents which go to the normal vi-
sual cortex, the elimination of afferents is un-
likely. Elimination of input from the eyes by
neonatal bilateral enucleation/33/ or interrup-
tion of the thalamic radiation/51/do not lead to
stabilization of the auditory-to-visual projection.
However, the competing axons may be of intrin-
sic origin.

Consistent with this interpretation we found
that the early destruction of layer VI neurons
appears to be a sufficient condition for the main-
tenarlce of an otherwise transient projection
from auditory areas to visual areas. Axons origi-
nating in auditory areas were found to enter pe-
ripheral regions of the microcortex, where only
layer VI was destroyed, or partially destroyed, by
the early ibo injection. Thus in development
layer VI neurons may eliminate certain afferents
to areas 17 and 18. There may be similarities be-
tween the roles these neurons play in adulthood
and in development.

In the adult cortex, layer VI neurons send
"feed back" projections to layer IV and to struc-
tures afferent to it, including the dLGN and
other cortical areas/17,18,42,46,50,68/. Their po-
sition makes them probable targets of dLGN af-
ferents/45/, as well as of other cortical afferents
and of local intracortical projections. These neu-
rons seem capable of enhancing certain aspects
of the input to the cerebral cortex while sup-
pressing others, resulting in modification of the
structure of cortical receptive fields possibly re-
lated to attentional phenomena/43,66/.

Through a similar, or different mechanism,
these neurons may gate admission to the cortex
or maintenance of juvenile axons in develop-
ment. H.o.wever, destruction of layer VI is not
sufficient for the stabilization of projections from
contralateral area 17. Furthermore, although ar-
eas 17 and 18 receive juvenile projections from
large territories in the ipsi- and contralateral
hemisphere, the stabilized projections originate
specifically in a small portion of the auditory ar-
eas. Another factor, therefore, must be responsi-
ble for the differential stabilization of different
transient projections.

The competition hypothesis (see ref./22/, for
review) can in principle provide sufficient expla-
nation for a broad range of developmental phe-
nomena. However, models of development of
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orderly connections have required in addition to
competition the assumption that pre- and post-
synaptic elements are heterogenous because
they carry some chemical or electrical markers
(see for example refs. /15/ and /69/). Differential
molecular affinities between axons of different
origin and different parts of area 17 may play a
role in the selection of afferents to this area.
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