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INTRODUCTION

Over the last several years, microeloctrode mapping procedures ﬂﬁd hig?ﬁy
sensitive methods of revealing anatomical connections, used in conjunction
with classical cell and fiber stains and new histochemical pmm{:ﬂis.fm"
studying cortical architecture, have led 1o new insights on coﬂ‘iﬂcai nrganiza-
tion and major revisions of tongstanding viewpoints. These revised concepis
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are outlined here because they can limit and direct theories of brain function.
This review is concerned with how cortex 1s divided into areas or fields, how
areas ave subdivided into processing modules, how areas are mierconnected,
how cortical organization develops and is maintained, and how species differ
and are similar. We start with the premise that newer procedures have led to
an improved understanding of cortical organization,

TRADITIONAL ARCHITECTONIC THEORIES OF
CORTICAL ORGANIZATION

Until recently, the main way of subdividing cortex was by architectonic
differences. Before and since the exiensive reports of Brodmann {1909},
many investigators have described regional differences in cortical architer-
ture, and have used such descriptions to subdivide cortex and develop theories
of cortical organization {for review, see Kemper & Galaburds 1984}, Such
mvestigators have not agreed on how cortex is subdivided, on homologies and
differences across species, or even on whether cortical fields are sharply
defined or graduaily change from one to the other, Largely because of such
disagreements, the architectonic method has been subjected to major criticism
{e.g. Lashley & Clark 1946). Yet, the comprehensive proposals that have
been produced by architectonic studies have continued 1o influence how we
think about cortical organization,

The problem of identifving cortical fields has been a major ong in tadition-
al architectonic studies for several reasons. First, for any complex mammal
with a large brain, there is the general supposition, not agreed tpon by all,
that there must be a large number of subdivisions. Yet, the cell and fiber
stains reveal only 2 few obvious subdivisions and most proposed borders and
areas have been based on such subtle differences that there is litile agreement
amony investigators. In fact, many ressarchers have concluded tha large
expanses of cortex are basically uniform in structure, even though they have
been subdivided in various ways in architectonic studies. Another difficuity in
architectonic studies is that observed differences usually had uncertain signifi-
cance. The “clear border” of one investigator conld be attributed 1o random
variation, variation within a field, or distortions produced by sulci by ancther
nvestigator. A third difficulty is that species differ profoundly, not only in
amount of cortex, but in the relative differentiation of cortex.

An appreciation of the magnitude of the difficulty of recognizing the same
field across species by architectonic criteria alone can be realized by compar-
ing the cytoarchitecture of the primary and secondary visual areas (V-1 or areq

and VI or area 18) in a hedgehog, which has a small brain and poorty
entiated cortex, and a tree shrew, which has # somewhat arger brain and
5ty preater cortical differentiation {Feagure 1), The point of using area
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Figure I. Cortical areas 17 and 18 in (4) 2 bedgehog and (B) atree sbirew. Whils t%xes; h:iii :::
e s i thess : is, they differ considevably in appearance. Lin £
clearly hornologons in these two mamma - they ~ ; Jines mark
i i indicates f binocular and mongcular portion
ders, while & small riangle indicates the jmmns}‘n o ‘ : ! : i
?ﬁf A standard Nissi preparation for eell bodies. Frontal brain sections with medial to the right.

17 as an example is that it is perhaps %hfe most distinctive and ﬁ..z;’szig'hr?i?%;
nized of neocortical fields, and yet species differcnces we so gazﬁ ;.,\n 5%
not immediately apparent that the fields designated as area ‘i? are homo fm
{the same feld). In fact, area 17 was completely m}&;}{i@m{fmﬁi gn S?fﬁg;;; mz
comparative studies (e.g. Mott 1807), zgxd even Brodmann {E?i}k}} misto o
less-developed monocular portion of siviate cortex as a}:mﬁ;@* fier (ageam m@
some marmmals. Several recent investigators have been S0 m‘z;}r@;ms g;ﬂm@d-
species differences in cortical stuclure ﬂ;‘m& they hfﬁ“fﬁ éxsagreg wi i} hwg
mann’s {1909} contention that area 17 is present’ in vhmig{:h&gﬁ;; an ~ﬁ‘,
concladed instead that hedgehogs hmf@ fete _pxjmary v;suai‘ or at' ? priv ﬁf;
fields (von Bonin & Batley 1961, Sanides 1972), We now know from o
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types of evidence (see Kaas et al 1970) that Brodmann correctly identified
area 17 i bedgehogs, but the nature of the difficulty is clear: species
differences in cortical structaie are so great that homologies can be difficnlt to
recognize even for the most distinetive of fields.

In brief, the traditional proposals of cortical organization, based on archi-
tecture. have been unreliable because regional differences in cortical structure
are often wnimpressive, species differences in cortical differentiation ame
considerable, and, above all clse, there has been little attempt (o evaluate the
significance of the variation that exists,

DEFINING FIELDS BY MULTIPLE CRITERIA

Brodmann (1909) viewed cortical areas as “organs” of the brain, and this is
the way areas are usually considered. Fach area, as an “organ” of the brain
with a2 unigue function or set of functions, should differ from other areas in 8
mumber of ways related o its functional role. The ligt of potentially useful
differences is not necessarily Hmited, but only a few can be easily revealed by
current fechmques {for a review of methods of revealing subdivisions, ses
Kaas 1982},

The early architectonists had stains for cells and fibers. They correctly
assumed that functionally distinet felds should have morphological differ
ences, but clearly many fields are not obvious in traditional preparations.
Forumately, waditional stains are now being supplemented with technigques
for reveating distributions of cellular enzymes, evoked and resting metabolic
levels, and newrotransmitters (Figures 2 and 3; also ses Livingstone & Hubel
1984 Tootell ot al 1985). In addition, new recipes have greatly improved the
usefulpess of fiber stalns (e.g. Maunsell & Van Fssen 1983; Krubitzer ot al
1886).

Functiooally distinct subdivisions of cortex often contain & systematic
representation or map of a sensory. surface or a motor map of body move-
ments. Such a map is fairly compelling evidence for a cortical ares. Harly
stucdies with surface recordings and stimulations resulted in much progress,
but these procedures were not accurate encugh o reveal important details
about where the pattern contained in one map ended and where a new pattern
began. Mivreelectrode mapping methods allow representations to be revealed
i great detail, and with considerable accuracy, and large portions of cortex
have been found to be devoted 1w sensory and motor maps (Figure 6). A
difficnltv s that “higher” sensory and motor areas may he relatively un-
responsive under many typical recording and stimulation conditions, and that
witl complex organization may be difficult to discern.

The uniqueness of cortical aress should also be reflected In Connections,
and foday we have a number of sensitive procedures for determining con-
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Figure 2. Arca 18 and adjoining cortex in 2 squirrel monkey, The cortex has been separated
from the brain, uniolded, flattened, cut parailel to the surface, and reacted for cytochrome
wxidase (an enzyme relaed to levels of neural activity). The plane of section passes from layer .ii\f
0 layer .IH in area 17 more candally {upper figure) and lateraily along 17/18 border @ghg in
figure). Note that the 17/18 border (open srrows) is “line-sharp,” even in iaye:r L In :«xdd.xt\mz, a
sharp horder is apparest over much of the rostral extent of ares |8, f}ma 18 is characterized b&
alternating light and dark bands, and thus cleardy has subunits, Four of the dark bands are ma.:fkm
by thick ai'mws, which also indicate the rostral border of area 18, Thir arrows mark ﬁi%’if& of the
dense cylochrome oxidase puffs that ave distributed in layer T of area 17, The photomicrograph
was kindly supplied by L. A. Krublizer.

nections. Each cortical area shoald have a systematic pattern of conpnections
with a number of other areas. Once the validity of an area has been es-
tablished, its connections can reveal the locations and internal topography of
other areas.

Orher methods of indicating areas ave potentially useful, but have not been
widely applied. Thus, areas can be distinguished by @ves‘gﬁ differences in the
responses of neurons to sensory stimull, but such recordings have ksef,tn used
more often to help establish the validity of an area rather than to help dascgvar
areas. Likewise, ablation-behavior studies can help demonstrate the function-
al role of a proposed area, and thus help establish its validiry, but ablation
studies have not often uncovered the presence of previously unknown fields,

Each experimental approach has its value, but each is also subject mﬂ ity
own problems of interpretation. It follows that errors in identifying cortical
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Figure 3. The architecture of primary somatosensory cortex in the rat. The brain section was cut
parailel to the surface of an artificially flattened brain and stained for the enzyme, succinic
dehydrogenase. Dense clusters of staining reveal the pattern of dense thalamic inputs. The pattemn
indicated that S-1 is sharply defined and has a precise somatotopic organization. Labels indicate
where in S-T various body parts are represented: H = “hand”; F = foot; T = trunk; a-1 = rows of
mystacial vibrissae from dorsal to ventral on the face; BP = bucal pad; LL = lower lip; DZ =
dysgranular zone. The photomicrograph was kindly supplied by H. P. Killackey and D. R.
Dawson. See Kaas 1983 for references on S-I organization in rats.

areas are best avoided by using multiple criteria. It has long been held that
potential neurotransmitters are presumptive until a list of defining criteria are
met. The evidence for proposed cortical areas varies from weak to very
strong, and it must be admitted that most proposed fields in complex brains
are now only presumptive. However, much progress has been made, specific
proposals have been made for further testing, and the methods are available
for rapid progress.

The newer methods have led to a number of conclusions, but one seems
particularly relevant for discussion of cortical organization. Theories of cor-
tical organization based solely on the study of architecture have not been
supported by the results of newer methods, with the significant and important
exceptions of the proper identification of a few fields in some species by some
investigators, Bul even judgments that proved to be correct for some in-
vestigators for some species have been confounded by different opinions of
other investigators and even by the same investigator in other species. For
example, it appears that the proposed somatosensory fields 3a, 3b, 1, and 2 of
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31‘0&%‘1&% (19097 and Vogt & Vogt {1919) actually do correspond to func-
tonally distinet areas in macaque monkeys (see Kaas 1983), but these areas
have been illustrated as Tairly Jdifferent in extent and exact lbcation in ma-
caque monkeys by other investigators, aud they have been combined and
misidentified 1 other monkeys and other priznates by Brodmann and other
investigators. In non-primates, these architectonic terms have been applied in
a number of different ways that do not correspond to the way they are used in
IMACAQUE MORKeys.

CURRENT CONCEPTS OF CORTICAL ORGANIZATION

Evidence has rapidly accumulated to support & number of conclusions about
cortical organization, Each of these conclusions has implications for theories
of cortical fapctions.

Cortical Areas Are Sharply Defined

Whether cortical Incalization i precise or not has been 8 classical issue of
debate. Eliot Smith {1907 concluded that at Isast 50 fields in the human brain
had “exact boundaries,” von Economo & Koskinas (1925) extended this Hst to
HYT fields, while von Bouin and coworkers (e.g. von Bonin & Bailey 1881)
have emphasized the view that there are Tewer fields and that the fields
gradually change from one to another. Brodmann (1909} believed in both
absolute and relative localization; that is in fields with sharp boundaries and in
Gelds that gradually change to the next. The issue is not completely resotved,
but recent evidence that many borders are sharp supports the c@raa:iusé@n that
boundaries in general are sharp so that one field changes o the next within
N}Q o or so. The evidence comes from microelecwode recordings, reconsid-
mrz&t;m;_,«; of cortical architectonics, and from studies of connections. An
exampio Is the second visnal area, V-1, or “area 18, which in tissue sections
with standard stains for cell bodies is clearly different and sharply separated
from psff}mary visual cortex, V-1 or area 17, but is often izadistémﬂ% separated
.fjmzz'z other adjoining fields af its rostral boundary. Thus, Brodmann (1909)
failed fo correctly identify the rostral border of area 18 in Old World mon-
keys, and included cortex within “area 187 that we now know is occupied by
other fields. As can be seen in Figure 2, current histochemical stains indicate
that both the caudal and rostral borders of area 18 are sharply defined. Similar
cotcliusions would stem from studies of patterns of x*eimbt{;pic orgamization,
nenral properties, or connections. As an example of an elegant demonstration
ence of sharp boundaries using microclectrode recordings, Ras-
son ot al {1979} recorded from sequences of neurons in microslectiode
wm passing parallel to the cortical surface and perpendicular to the
between primary somatosensery cortex and the adioining rostral field
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“33,” in cats (see Figure 6 for the location of these fields). In each electrode
penetration, the response properties of neurons changed sharply and com-
pletely from those activated by noncutaneous recoptors {muscle spindles) in
area 3a to culancous eeeptors in S-L

Historically, it has been common to acknowledge sharp borders between
fizlds in advanced species, while suggesting a lack of such borders in primi-
tive species. There is mo compelling evidence fo support this viewpoint.
Borders seem to be just as sharp in the cortex of the hedgehog (Kaas et al
1970} as in advanced primates and camivores. Certainly anyone who has seen
a properly prepared “surface view” tangential section through somatosensory
cortex of a rat (Eigure 3) will agree that $-1is sharply defined in these rodents,

The evidence for sharp boundaries has accumulated rapidly, while there is
no clear evidence for gradual borders between areas. Thus, the conclusion
seems warranted that functional boundanies are usually and perhaps always
sharp.

Cortical Areas Are Functionally Heterogeneous

Mounicastle (1978) is known for stressing that cortical areas are subdivided
into mosaics of functionally distinct “columns™ or processing modules. While
areas may not contain groups of cells with all of the features of columas as
outlined by Mountcastle (1978), a number of cortical areas have now been
shown to be heterogeneous in structure and function, and it seems reascnable
to postalate from this sample of fields that areas i general are heterogensous.
The best example of a field with clear subdivisions is primary visual cortex of
macaque monkeys where occular dominance bands, orientation bands, and
cytochrome oxidase dense “puffs” (Figure 2) of neurons that are son-selective
for orientation have been demonstrated as subunits {see Livingstone & Hubel
1984, Evidence is also accumulating for subunits within area 18 or V-11. The
uneven pattern of projections from V-I to V-II that is found in most mammals
is shown in Figure 4. A given lecation’in V-1 projects to several locations
V.1, and two nearby locations in V-1 project to locations in V-II that are
partially separate and partially interdigitated. These ohservations argue that
given locations in V-1 send the same information to several spatially separate
modules in V-IL The internal organization of V-1 s better understood i
monkeys, where “thick bands,” “thin hands,” and “interbands” crossing the
width of the field in cytochrome oxidase (Figure 2; also see Livingsione &
Hubel 1984; Tootell et al 1985) and fiber stain preparations have been related
to neurops and connections mediating different functions (see Hubel &
Livingstone 1985), As a third example, primary somatosensory cortex of
monkeys {area 3b, see Kaas 1983} is divided into alternating and bregularly
shaped strips of neurons that respond in a rapidly adapting (RA} or slowly
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adapting (SA) manner to maintained pressure on the skin (Figure 5; Sur et ai
1981a, 1984), ’

Species Vary in Number of Areas

Brodmane (1909} and most other investigators have long contended that
vy de wwse . S N T e H
mammals with large complex brains, especially humans, have more cortical

11

areay than mammats with small primitive brains, but without compelling
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evidence it was still possible to argiie, as Lashley did, that mammals have fow
fields, on the order of 10 or so, and that there was no reason o suppose that
the number differed in rats and humans (e.g. Lashley & Clark 1846). Figure &
i{lustrates current theories of how cortex is divided inte areas in hedgehogs,
squirrels, cats, and New World monkeys. Some of the fields are well sup-
ported, others are fentative, and revisions and additions will undoubtedly
occur. Yet, the evidence for enough of the fields is so solid that there s no
escaping the conclusion that species differ in numbers of areas. Furthermore,
as Brodmann (1909) and Eliot Smith {1907) proposed, advanced mammals
have more fields,

Al Mamumals Have Some Fields in Common

One major conclusion stemming from modern evidence on cortical Gganiza-
tion is that a few basic arcas of cortex are present in most or all mammals,
Hedgehogs, with cortex that is probably not much different from that of the
fivst Butherian mammals, have primary and secondary visual fields {areas 17
or V-1 and 18 or V-11), primary and secondary somatosensory fields (8-1 and
S-11), 2 motor field (M-1), a primary auditory {A-1} and perhaps one or fwo
other auditory fields, probably taste cortex, prefrontal cortex related to the
mediodorsal nucleus of the thalamus, several subdivisions of limbic cortex
related to the anterior and lateral dorsal nuclei of the thalamus, a small region
of temporal cortex that is probably visual with input from area 17, and a
perirhinal strip of transitional cortex that probably relates other negocortical
ficlds with the amygdala and the hippocampus {see Kaas 1982). These same
fields have been identified in a wide range of placental mammals (Figure 6},
and they can be considered basic to Eutherian mammals, evolving early in the
divergence of mammals and retained in most or all subsequent lines of
divergence.

Studies on opossums and other marsupials indicate that these same fields,
with the exception of motor cortex, are part of the basic plan of the Metathe-
rian radiation as well, Opossums apparently do not have a primary motor field
{(M-D), but instead the motor functions of primary somatosensory cortex {&5-5)
are emphasized {(Lende 1963). §-1 receives both somatosensory information
from the ventroposterior thalamus and cerebellar information, normally pro-
jected to motor cortex, from the ventroanterior thalamus (Killackey & Ehner
1973). Much less is known about corlical organization in monolremes, but
available evidence (Lende 1964) sugpests that they have at least primary
vispal, auditory, and somatosensory areas, and, as in marsupials. no Drinary
motor field. Hence, a few fields appear o be common to all mammals and
undoubiedly were present in reptilian ancestors.
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Figure 6, Subdivisions of cortex in a primitive mammal {hedgehog), a mammal with a
somewhat advanced brain {squirel}, and two mammals with moderstely advanced brains {cat and
owl monkey), The primary motor (M-1), primary and secondary somatic (5-1 and §-1), and
primary and secondary visual areas (V-1 and V. are present in ali. Other fields have been
named by focation fe.g. anterior auditory field, AAF; middle temporal ares, MT) or related o a
iragitional architectonic Held of Brodmann (1909 by varions suthors {for details and additional
references, see Kaas 1982; Koubitzer ot ol 1986
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Major Advances in Brain Evolution Have Been Marked by
Increases in Numbers of Unimodal Sensory Areas

Of the mammals with relatively advanced brains, only monkeys and cats have
been studied to an extent where reasonable comparisons can be made. The
primate and carnivore lines diverged at a time when brain development was
probably not much different from that now found in the hedgehogs, and both
of these lines have the basic areas found in hedgehogs. However, both lines
have additional somatosensory, visual, and auditory areas. Both cats and
monkeys have more than 10 visual areas, and perhaps as many as 15-20. Cats
have at least five and monkeys at least eight somatosensory areas, and both
lines have on the order of five or more auditory fields. All of the above fields
are dominated by one modality and most exclusively code inputs of only one
modality. Generalizing from cats and monkeys, it appears that evolutionary
advance in brain organization is marked by increases in the numbers of
unimodal sensory fields, not by increases in multimodal association cortex, as
traditionally thought, Of course, it should be stressed that the lines leading to
cats and monkeys, and almost certainly those leading to other advanced
brains, independently increased the number of sensory areas, and therefore
most sensory fields in these different lines are not homologous.

Areas Are Multiply Interconnected; Connections Are
Species-Variable

Some of the demonstrated connections of visual cortex of owl monkeys are
shown in Figure 7. Typically, each field is interconnected with 3-6 other
fields in the same hemisphere. In addition, each field connects callosally with
its counterpart and 1-3 other fields in the opposite hemisphere. Finally,
subcortical connections with subdivisions of the pulvinar complex, the lateral
geniculate nucleus, the claustrum, the basal ganglia, the superior colliculus,
and pontine nuclei add to the complexity of the wiring diagram (see Weller &
Kaas 1981; Kaas & Huerta 1987). Thus, neurons in any field are subject to a
multitude of influences from other fields. Somatosensory, auditory, and
motor areas have connection patterns that are similarly complex, and such
complexity is seen across species. It follows that even simple stimuli deliv-
ered to a receptor surface would, in advanced mammals, activate an array of
interacting locations in the multitude of cortical areas and subcortical nuclei
related to that modality. Thus, processing is distributed across a large expanse
of the forebrain. _

Of course, not all pathways shown in Figure 7 are equivalent. They differ
in magnitude and type. The so-called “feedforward” connections terminate
most densely on the middle (receiving) layers of cortex, IV and inner III,
which contain the stellate neurons that initiate the processing in an area.
Connections that terminate in the upper and lower layers largely relate to the
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Figure 7. Some of the interconnections of visual cortex in owl monkeys. Major vilsual process-
ing sequences are indicated by the thick arrows. Thin arrows mdu_:ate other cullmecnons, V-1 and
V-II, primary and secondary fields; FEF and SMA are_thc frontal eye field, and the eye
movement portion of the supplementary motor area. FV is a frontal visual area of u'ncertauT
significance. Other visual areas are named by location (e.g. dorsolateral, DL df)rsor.nedml‘ DM;
dorsointermediate, DI) or by location in a lobe (e.g. ITc, caudal area of the mfer:ol" temporal
lobe). See Weller & Kaas (1986) for details. Note that each area is interconnected with se\n?ral
other visual areas. Major processing sequences are directed toward the temporal lobe for onect
vision (thick hatched arrows) and posterior parietal cortex (thick stippled arrows) for visual
attention (see Ungerleider & Mishkin 1982; Kaas 1986).

dendrites of pyramidal cells that project to other structures. These “feedback”
connections appear to modulate the outflow of information after much of the
local processing has occurred (see Maunsell & Van Essen 1983; Weller &
Kaas 1981 for review). Pathways also differ in effectiveness. For example,
the neurons in the central nucleus of the inferior pulvinar with visual inputs
from striate cortex and the superior colliculus, depend on the striate cortex
and not the superior colliculus for activation (Bender 1983).

By considering only the major feedforward projections that presum.ably
provide most of the activation, it is possible to construct the dominant
processing streams or hierarchies. Thus, in the visual cortex of owl monkeys,
there is a stream from striate cortex to the inferior temporal lobe that appears
to mediate form vision, and a stream to the posterior parietal cortex that is
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important in visual attention (Weller & Kaas 1986: Kaas 1986; see Un-
gerletder & Mishkin 1982 for “two cortieal vismal systemis™}. While the
processing hierarchies, such as those in Figure 7, arg tempting frameworks for
theories of cortical processing, the true complexity of the system should be
remembered. Processing has both paraliel and hierarchical components, but
“later” stations receive inputs from both “intermediate” and “early” stations,
confounding simple hierarchical schemes.

It is also important to recognize that species can differ considerably in
coanections. Both areas 17 and 18 receive major inputs from the lateral
geniculate nucleus in cats, for example, while these projections are almost
exclusively to area 17 in monkeys. There is also some evidence that a type of
“eorticatization of fanction” oceurs so that higher stations tend to acdguire
more direct sensory inpuis as an advance in evolution. In anterior parietal
cortex of monkeys, information is relaved from the ventroposterior nucleus to
area 3b {5-I}, from area 3b to area 1, and from arez 1 to area 2 {see Kaas
1983}, Thus, areas 3b, 1, and 2 can be considersd a processing hierarchy. In
both New and Old World monkeys, some projections from the ventroposterior
nucleus also terminate directly in area 1 of monkeys, but o such projections
have been found in prosimians, In Old World monkeys, there is an additional
projection from the ventroposterior nuclens to the part of area 7 that represents
the hand (Pons & Kaas 1985). Such observations suggest that behavioral
advances sometimes are achieved by rerouting relatively unprocessed lin-
formation to higher stations, rather than completely depending on cortical
processing sequences. In some systems this may be more imporiant than
others. For example, most of the auditory areas in the cortex of cats receive
divect thalamic auditory information in addition to cortically relaved informa-
tion (see Merzenich & Kaas 1980

Detailed Organization 1s Dynamically Maintained

The excitatory receptive fickds of cortical neurons reflect only a portion of
their tolal inputs. Maps of receptor surfaces in cortex can have arganization
that supercedes that of the anatomical distribution of inputs. Retinotopic
orgamization clearly exists within the overlapping distributions of the terminal
arbors of single geniculostrinte axons (Blasde! & Lund 1983y, and somatotop-
ic organization is found within the distance covered by the arbors of ventro-
posterior axons that terminate n area 3b (Pons et al 1982). Thus, the axons
drive neurons only within a portion of their arbors. In this sense, connections
are suporabundant, and superabundant connections ocour at all levels in
sensory systens. Obviously, neurons somehow select inputs from a menu of
possibilities. The selection may be based on intrinsic mechanisms that tend to
s u fwirly constant level of synaptic activation, and a favoring of
pses that are active during the firing of the postsynaptic cell, and thereby
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temporally corelated with the activity of other synapses {see Constantine-
Paton 1982 for review).

When the sources of activation for cortical neurons are altered, they rapidly
acquire new sowwes of activation. One way of altering input has been to
section a nerve to the skin of part of the hand or some other region (see Kaas
et al 1983; Wall & Kaas 1983 for review). Neurons in SOMAOSSNSOTY COTtex
formerly with receptive fields exclusively within the denervated skin rapidly
recover new receptive fields in adjoining innervated skin. AT first, the new
receptive fields are abnormally large, but over weeks they reduce in size to
that appropriate for the region of cortex, rather than for the normal representa-
tion of the skin field. These results suggest that cortex is constantly in a state
of flux, and stability results from a balance of competing factors.

Self-Organization Occurs During Development

As the adult nervous system is characterized by neurons that select a portion
of potential inputs from a menu of inputs from widespread axen terminal
arbors, an analogous but more extensive selection process takes place during
development. Neuross and neural connections in the developing nervous
system are superabundant, and the prevailing view is that neurons are in
competition with each other for synaptic space and survival (e.g. Killackev &
Chalupa 1986; Rakic et al 1986). It is clear from many experiments that the
selection process is related to neural activity, and it appears likely that the
co-aetivation of inputs results in a selective increase in synaptic efficacy and
survival (for reviews, see Constantine-Paton 1982, Easter ¢t al 1988; Schmidt
& Tieman 1983). Such a process would account for at least four features of
cortical fields that systematically represent sensory surfaces.

L. A fundamental feature of cortical maps, their topographic organization,
may largely be the outcome of selection for recepror surface neighborhood
correlations. Simpie, two-dimensional arrangements of receptor sheets, such
as the cochlea or hemiretina, can be represented in simple topographic maps,
having distortions but no splits, However, even representation of the hemireti-
na can be “split” along the representation of the horizontal meridian in such
fields as V-iI and DL (Figure 6), appareotly due to consiraints imposed by
form and a long matched border at the representation of the zero vertics]
meridian. The more complex receptor surface of the contralateral body sur-
face cannot be represented in a cortical sheet without “folds” and “splits.”
Folds occur when skin regions that are not normally next to each other are
represented by adjacent blocks of neurons in cortex. For example, the thumb
is comunonly represented next to the fower lip in §-1 (Kaas 1983). Splits ocour
when two or more parts of a continuous skin surface are represented in
separate cortical locations within a field. As dramatic examples, the upper
back is separated from the lower back by the representation of the wing in 8-1
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of bats (Calford et al 1985), and the upper trunk is separated from the lower
trunk by the representation of the hindlimb in tree shrews (Sur et al 1981h).
Despite the folds and splits, there is remarkable topography in cortical maps,
as if every effort is made to preserve neighborhood relationships. Thus, i is
usually possible to frace muze-like lines of continuity throughowt cortical
maps. For example, there is complete somatotopic continuity along the caudal
border of 8-1 in tree shrews, and other parts of 5-1 have somatotopic conting-
ity with that border (Sur et al 1981b). It is as if §-I in tree shrews developed
from cawdal 1o rostral in cortex with 2 somatotopic continuity rule that initially
conld be met due 1o 2 large degree of freedom, but soon led fo discontinuities
based on the constraints of having “used up” some skin surfaces.

The locations of folds and, to a greater extent, splits, are species-variable.
Other species variations appear to occur for skin surfaces that are relatively
isolated somatotopically in $-1 and other fields. For instance, the enlarged
representations of te hand and foot in areas b of monkeys tend o somato-
topically isolate the representation of the trupk from the limbs. Perhaps as a
result, the back is represented rostrally in area 3b of some monkeys and
caudally in others (Sur et al 1982). The species variability, and the lesser
individual variability in the relative locations of parts of receptor surfaces in
sensory maps, suggest that details are not geneticaily specified, but related to
other factors, such as the relative sequencing of correlated activity during
development.

2. Features related to somatotopic “folds” in cortical maps suggest that 2

secand developmental feature is shaped by activity. Folds result in adjacent
groups of neurons with inputs from guite different skin regions, the lower lip
and thumb, for example, Apparently, arbors of enfering axons select one
binck of tissue or the other, and avoid 2 narrow “no-man’s land” in between.
Thus, the hand-face border in area 3b of monkeys remains stable while the
hand representation does not when nerves fo the hand are cut {Merzenich et al
1883} Borders between foids are ofien apparent as narrow, poorly differenti-
ated regions. In the thalamus, such folds are marked by cell-poor zones or
laminae that partially separate cell groups in nuclei. Thus, the face, hand, and
foot representations are separated in the ventroposterior nucleus (see Kaas st
al 1984 for roview), and there is o cell-poor zone in the lateral geniculate
niclens separating neurons with mputs from either side of the optic disc of the
reting (Kaas et al 1973). In cortex, the “folds” in the map and the resulting
natrow zones of poor differentiation (e.g. the dysgranular zones in Figure 3)
apparently result in a physically “weaker” zone that frvors the development of
an actual fold or fissure. Thus, representations of the hand and face, for
example, are often separated in cortex by a shallow fissure {e.g. Welker &
Crmpos 1963),

3. In addition, carefully timed selection for correlated activity in develop-
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ment could account for many local features of organization soch as the
sequencing of orientation-selective neurons in cortical modules in area ji’? and
MT (see Kass 1986), the variability in the presence of ocular dominance
columns in siriate cortex of monkeys and other mammals (see Florence et a%
1986), the segregation by sublamina or patches of “on center” m}d “off
center” receptive field classes of inputs in area 17 of some maminals {E;*i’(mm
et al 1983; McConnell & LeVay 1984) and classes of geniculate inputs u} area
17 of monkeys (see Kaas 1986), and even the specific respegsc:ﬂpmpcmes of
cells throughout cortex. The grouping of neurons w}th similar response
properties within areas is a logical outcome of 2 selection process based on
cortelated activity. .

4. Typically, cortical maps of recepior surfaces are precisely mamhefi{ at
common borders, Visual fields are commonly matched along representations
of the zero vertical or portions of the zero horizontal meridians (see Allman &
Kaas 1976; Kaas 1980; Van Hssen 1985). The match is so precise that
receptive fields overlap for ncurons slightly displaced from the border in
either direction. Similar matches occur between somatosensory fields and
between auditory fields. For example, primary and secondary somatosensory
fields are aligned along a common representation of the top of the head (e.g.
Krabitzer et al 1986), the adjoining maps of the body surface in steplike areas
3b and 1 of monkeys are somatotopically sligned along their complete borders
{see Kans 1983), and anditory fields in cats and monkeys are matched at
borders for representing high or low tones {see Merzenich & Kaas 1980).
Such matched bordess, because of the exactness of the alignment, have been
called “congruent” (Allman & Kaas 1975). Such border alignments have no
obvious function. They do allow short interconnections between areas at the
border region, but other parts of the fields thereby have longer interconnec-
tions. Thus, it seems unlikely that border alignments would develop for
functional reasons, However, the alignments would be an obvious outcome of
selection for correlated activity.

CONCLUSIONS

Current viewpoints on how cortex is organized can vsefolly restrict and divect
theories of brain function. Some of the conclusions that follow from these
viewpoints are listed below, '

1. Architectonic methods, when used alone, have not reliably determined
functionally valid subdivisions of cortex, Subdivisions identified by gmhiiﬁc»
tare alone should be treated as hypothetical, subject to evaluation with other
technigues. Studies of patterns of connections, topographic f:srgafﬁ%zaﬁian,
peurnn response properties, and the behavicral conseguences of lesions have
bean valuable sources of additional information. Cortical subdivisions can be
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mest reliably dentified by multiple criteria, A comapon practice in studies of
cortex has been to refer to regions smadied by architectonic terms, even when
the architectonic fields have not been shown to be functionally significant,
and even when the investigators fail to demonstrate that they have identified
the fields by architecture in the expertmental andmals. This practice, by
implying a state of wnderstanding and acouracy that dogs not exist (see
Lashley & Clark 1946, for further discussion), discowrages and hinders
further efforts o understand cortical orgapization. It is betier to refer 10
cortical repions by reference to swrface landmarks {e.g. posterior parietal
cortex) if that is the actual practice.

2. Cortical areas, as functionaily distinet divisions of the brain, frequently
and perhaps always, are precisely localized. Therefore, restricted lesions can
produce very specific and treversible changes in behavior. However, because
many of the details of internal organization within cortical areas are dynami-
cally maintained, brain lesions are followed by a prograssion of alierations
that may effectively compensate for aspects of the damage (see below).

3, Functional beferogeneity within fields permits parallel processing of
information, and one feld can function as several. Howsver, more complex
processing and the resulting behavioral advances have not been achieved by
simply increasing the sizes and internal complexity of cortical areas, Thus ot
seoms Hkely that po more than a few independent channels or tvpes of
processing modules coexist within a field. In addition, evidence for process-
ing modules does not necessarly imply that an area mediates more than one
function, since an uneven distribution of neurens with certain properties could
refate 10 a single function. For example, neural mechamsms for discrimina-
tion of the orlentation of line segments may require the grouping for local
interactions of orientation-selective cells with similar preferences.

4. Behavioral advances are commonly dependent on locreases in nurmber of
fields. This mechanisrn has been used in a number of lines of evolution. Asa
result, most areas in advanced mammals of different lines have been in-
dependently acquired and are pot homelogous, but they may function in
sirntlar ways and be highly analogous. However, because most fields are pot
homelogous, generalizations agross major faxonomic groups should be made
with greaf caution.

5. In primitive to st least moderately advanced mammals, most of cortex is

vccupied by orderly sensory representations. Thus, sensory processing is the
dominast cortical function, and most processing is concorned with a single
modality.
6. In advanced mammmals, perception is based on the coactivation of a
C (520 for a single maodality) of cortical flelds. Even simple atributes
imuli (such as color, motion, form) are unhikely io be based on processing
a single field. However, each activated area undoubtedly makes a
oecific comtribution t the resulting perception.
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7. Cortical maps function while baving a number of different organizations
across and even within species. It does not appear that the normal function of
a field is seriously limited by the specifics of the intemal representation of the
receptor suiface.

§. The microorganization of cortex is constantly in a state of flux, and
stability results from a balance of competing factors. Receptors activate
cortical space o an extent that is influenced by competition between inpuis
and relative use, so that increasing use probably increases cortical space and
decreasing use probably decreases cortical space. Such a mechanism could
account for the mproverents in perceptual and motor skills that occur with
practice, and the remarkable recoveries that often follow central nervous
sysiem injuries. It also follows that it will be very difficult to study the
contribution of specific cortical aveas in sensory-perceptual systems by de-
activating {ablating) the areas, because reactions to lesions irmediately start
to alter the synaptic strengths of other connections. A partial sohtion to this
problem may be to determine changes immediately after lesions, but changes
can be very rapid.

&. The apparent importance of self-organizing processes in development,
based on activity patierns, suggests that some specific features of cortical
organization, such ag the topographic details of sensory and motor representa-
tions, the border alignments of fields, and types of modular grouping of
peurons, could be side-products of timing sequences o the building of brams.
Thus, specific features of cortical organization may be necessary outeomes of
the building process rather than features designed for maximizing function.

Literature Clied

Allman, §. M., Kaas, §. H. 1975, The dor-
somedial cortical visual areas A third Her
avea in the occipital lobe of the owl monkey
(Aoins trivirgatus), Brain Res. 100:473-87

Allman, 3. M., Kaag, J. H. 1876, Representa-
tion of the visual feld on the medial wall of
occipital-parietal cortex in the owl monkey.
Science 190:572-78

Render, D B, 1683 Visual activation of
neurons in the primate pulvinar depends on
cortex g not collicolus. Brafim Res.
297:258-61

Riasdel, G. G., Lund, 1. & 1983 Ter
minations of afforent axons in macagoe strl-
ate coriex. J. Newroscf, 3:1384-413

Brodmann, K. 1909, Vergleichende Lokadisa-
sonlehre  der  Grosshirmrinde.  leipzig:
Barth

Bonin, G. von, Bailev, P. 1961, Pattern of the
cershral isocortex. In Primaialogia, Hand-
book of Primamology, =d, H. Hofer, AL HL
Sehultz, D, Starck, 10142, Rasel: Karger

Calford, M. B., Graydon, M. L., Huerta, M.

F., Kaas, §. H., Penigrew, J. D 1985, A
variant of the wammalian somatotopic map
in a bat. Nature 31347579

Constantine-Paton, M. 1982, The retinotectal
heookup: The process of neural mapping. In
Developmenal Order: lis Ovigin and Regu-
lation, ed. 5. Sublelny, pp. 317-49. New
York: Liss

Enster, 8. 8., Purves, D, Rakic, P., Spitzer,
N. C. 1985, The changing view of neural
specificity, Science 230:547-11

Eeonomo, L. von, Koskinas, G M. 1925 Die
Oviparchitelionic  der Hirrinde  des
erwachsenen Menscher. Berlin: 1. Spring-
or. 811 pp.

Florence, S. L., Conley, M., Casagrande, V.
A. 1986, Ocular dominance colurmms and
retinal projections in New World spider
monkeys {Ateles ater). J. Comp. Newrol.
243:234-48

Hubel, D H., Livingstone, M. 5. 1983, Come
plex-unoriented cells in a subregion of pri-
mate aren 18, Nawre 315:325-27



150 KAAR

Kaas, 1. H. 1980, A comparative sryey of
visaal cortex organization o mammak. In
Comparative Newrobiology of the Telen-
<ephalon, ed. 8. O. B. Ebbesson, pp. 483
362, New York: Plenum

Kaas, 1. H. 1982, The segregation of fanction
in the nervous system: why do SENSOLY §Y8-
tewns have s0 many subdivisions? Comrib,
denyary Physiol 720140

Kaas, L. H. 1983, Whae, if anything, is 5-17
Crrganization of first somatosensory areg of
coriex. Physiol. Rev. 63:206-31

Wass, I H. 1986, The structural basis for
information processing in the primate visual
systert. In Viswa! Newroscience, ed. 1. P,
Pettigrew, W. R. Levick, K. 1. Sanderson.
MNew York: Cambridge Press. In PLGSS

Kaas, J. H., Guillery, B, W, Allman, I M.
1973, Discontinuities in the dorsal lateral
genivntate auclens corresponding to the op-
e dise: A comparative study. 4. Comp,
Newrpl, 147168580

Kaas, 1. H., Hall, W. C., Dimmond, 1. T,

197G, Cortical visual areas | and 1 in the

i Relatlon between evoked polen-

ips snd architectonic subdivisions. 7,
Newropiysiol. 13595615

Rass, J. H., Huerta, M. F. 1987, The sube

seat visual system of primates. In Cone
purative Primate Biology, Vol 4, The Newro-
selences, ed. H. D). Sweklls. Mew York: Liss

Kaas, 1 H. Merzenich, M. M., Killackey, H.
¥, 1983, The reorganization of somatsen
sory cortex following peripheral serve dam-
age in adull and developing mammals, Ann.
Bev, Newrogei, $:325-56

Kags, J. H., Nelson, R J., Sur, M., Dykes,
R, W., Merzenich, M. M. 1984 The
somatestople organization of the VERIropos-
fevior thalamus of the squirred monkey,
Saimivi sclureus, 1. Comp. Newrol, 228
P1i-40

Kermper, T. L. B., Galaburda, A, M. 1984,
Principles of cytoarchisecionics. In Cere.
brol Corex, Cellular Components of the
Cerebral Cortex, ed, A, Peters, B, 4.
Jones, 1:35-57. New York: Plenum

Kilackey, H. P, Chalupa, L. M. {936,
Ontogenetic change in the distibution of

catlosal projection newrons I the posteen-
tral gyrus of the fotal rhesus monkey . .
Camp. Newrol. 24433148

Killackey Ebaer, F. 1973, Convergent

w0 separate thalamic nuclet
siighe cortical area. Science 17%:

A AL Besma, MLAL Kass, §LH.
Misroelectrode maps, myelvarchitec.
ad cortical connections of thres spma-
slly organized seprosentations of the
wrface i parietal cortex of squirrels.
e, Newral, 250040330

£

Lashley, K. 8., Clark, G. 1945, The cyto-
architecture of the cerebral cortex of Aseley
A critical examination of architectanie stud-
s . Comp. Newrol, B5:273-30%
Lende, R, A. 1963 Cerebral cortex: A sen-
sorimctor amalgram in the Marsupial. $ri-
ence MMBTI-32
Lende, R A, 1964, Representation in the
cerebral cortex of a primitive mammal, 7.
Neurophysiol, 273748
Livingstone, M. §., Hubel, D. H. 1984, Al
atomy and physiology of a color system in
the primate viswal coriex. J. MNewrgsoi,
4:309-56
Maunsell, I, H. R., Van Begen, 1. C, 1983,
The connections of the middle temporal vi-
sual area (MT) and their relationship to &
cortical hierarchy in the mEchgue monkey.
£ Meprosci, 3256386
MeConnell, 8. K., LeVay, §. 1984, Seproga-
tion of ON- and OFF-center afferents in
mink visual cortex. Proc. Narl. Acad, Sci,
US4 Bl 159043
Merzenich, M. M., Kazs, 1. H. 1980, Prinei.
ples of organization of SensOry-perceptual
sysiems it mammals. Prog. Pavchobiol.
FPiysiol. Psychol, 9:1-47
Merzenich, M. M., Kaas, 1. H., Wall, . T,
Sur, M., Nelsen, R. I, Felleman, [, 1.
1983, Progression of change following me-
dian nerve sections in the cortical TEPTESEn-
wtion of the hand in arcas 3 and 1 in adul
owl and squine] monkeys. Newrescience
Hu63-65
Mott, F. W, 1907, The progressive evolution
of the structute and functions of visual cor-
R In mammalia. Arch Newrol, 3:1-117
Monnicastle, V. B. 1978. An organizing prin-
ciple for cerebral function: The unit module
and the distributed system. In The Mindful
Brain, sd. G. M. Hdedman, V. B.
Mouatcastle, pp. 7-50. Cambridge: MIT
Press
Norton, T, T, Kretz, R, Roger, G. 1983. ON
and OFF regions in layer TV of tree shrow
striate cortex. favest. Opahthalmod, Suppi.
34255

Pops, T. P, Kaas, J. H. 1935, Connections af
area 2 of somatosensory corex with the
anterior pulvinar and subdivisions of e
ventroposterior complex in macsque reorn-
Yeys, S Comp. Newrol, 240016-136

Fogs, T. P, Sur, M., Kaas, I H. 1983, Axon-
al arhorizations in aren 3b of somatosensory
cortex in the owl monkey, Aotus trivirgaus,
Anar. Ree, 2021514

Rakic, P., Bourgeois, LB Eekenhoff, 84,
F., Zecevie, N., Gokiman-Rakic, P, S,

Concurrent vverproduction of sy

apses in diverse rogions of the primate cere-

bral cortex. Scfence 232:232-34

Rasmugson, P, ., Dvkes, R.TW Hoelizell,

. B. 1979. Segregation of modality and
f@sbm@daﬁﬁy m{%fmaamn in 81 cortex of
cat, Broin Res. 16640812

Sanides, F. 1972, Represontation in the cere-
bral cortex and its areal Jamination ;:aﬁem;
in The Struchere and Function of i’tewous*

Tissue, ed. . H. Bourse, 5:329-83, New
ke -Acaderuc

Eia‘grﬁ{;ﬁt, 1 7., Tigman, 5. B 1‘_)851 E}*ﬁ::
specific segregation of optie a*({ft:m_msb -.if“
mamanals, fish, and frogs The_ yole of active
iy, Cell. Mol. Newrobiol. 5:5-34 o

Besme, M. A, Casagrande, V. A, Kaa, 1
H. 1984, Cortical connections pf arcs 17w
tree shrews. J. Comp. Neawol, 23(?:33%.’3%

Smith, G. E. 1907, A new topographic survey
of the cercheal cortex: Being an acvount a‘t
the distribution of the anatomicatly distinct
cortical aveas and their x‘elag;m:shgp 0 the
cerebral sulch, J. Ange. 42:237-34 .

Sur, M., Melson, R. J., Kaas, 1 ﬁ.‘ii)&w
Representations of the body mnfac:: i@ car
tical axeas 3b and 1 of squirrel monkeys:
Compagisons with gheg primates. J. Comp.
Newrol, 211:177-892 .

Sur, M., Wall, I T, Kaas, L H ;%Wiai
Modular segregation of functional cel
classes within the posicentral somatosen-
sory cortex of ronkeys. Seience 212:1054-

Su?,iM,, Wall, I. T., Kaas, 1. H. E?Bi&. Mﬂd—“
ular distribution of neuross with slowly
adapting and rapidly adaupting respenses in
aren 3b of se}maix}senmry'gaﬁ&x B man-
keys. J. Neurophysiol. 31:724-44

Sur, M., Weller, K. E., Kaas, 1. H. 19816,
Physivlogical and anatomical evidence fora

CORTICAL OROANIZATION 151

iscontinuous representation of the trunk in
éﬁ c}ggﬂ ree g%fewa. F Comp. Neuwrol.
2315547 .
"E"mzé}ii R, B, H., Hamilon, §. L., Silver
man, M. S. 1985, Tg)pogmphy of
cytochrome oxidase activity in ow! monkey
cortex. J. Newrosci. 3:2786-800 o
Ungerleider, L. G, Mishkia, M. i%mr Two
cortical visual systems. In Advances in the
Anglvsis of Visual Behavior, ed. [, 1. Ingle,
1%, Mansfield, M. A, Goodale, pp. 459~
86. Cambridge: MIT Pross .
Yan Fssen, D €. 1985, Ponctional organiza-
tion of primate visual corex In Cem?rs?z
Cortex, ad. B, G. }{:m?;;, A, A, Peters,
25 . New York: Plesum '
‘\!025%? g‘vfmgt, 0. 1918, Allgemeiners
Frpebaisse unserer Himforschung. 7. Psy-
chol, Newrol, (Leipzig) ;lﬁ:z”?‘?—@@ll )
Wall, 3 T.. Kaass, J. H. 1985 Cez‘i:!cal
recrganization and SENSOTY TECOVETY follow-
ing nerve dumage and regengration. in Syn-
aptic Plagticity, ed. C. W. Cotman, pp.
23180, New York: Gulford '
Welker, W. 1., Campos, G. B, 1963, Shyg;m-
logical significance of sulcl in somatic sen-
sory cemcbral cotfex in mammals ?‘f the
fomily Procyenidae. J. Comp, Newrol.
20:19-36 )
Wéi‘%m, R.E., Kass, I H. 1981, Cortical and
subcortival conrections of visual corex in
prisates. In Cortical Sensory Orgavization,
Yol 2, Mulidple Visual Arews, ed. O N
Woolsey, pp. 12533, Clifion, NI: Humana
Weller, R. E., Kaus, §. H. 1986, Subdivisions
and connections of nferior tomporal corex
in owl monkeys. J. Comp, Newrsl. In press



