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éspite his work on the human brain, what we consider to be Brodmann’s most
portant contribution to the field goes largely unappreciated: his extensive com-
rative analysis. He cut and processed tissue from multiple species, including
edgehogs, ground squirrels, rabbits, flying foxes, kinkajous (South American
rnivores), lemurs, marmosets, guenons, and humans, and generated a numerical
ia‘ming system for different cytoarchitectonic fields, some of which were similar
cross species. Much of his terminology is still commonly used today, including
kreas 17 and 18 of the occipital lobe, areas 3, 1, and 2 of the parietal lobe, and area 4
f the frontal lobe.

~ While he and others inferred that these architectonically distinct areas of the
‘neocortex corresponded to functional subdivisions, it was not until the middle of
_the twentieth century that physiologists such as Clinton Woolsey, Philip Bard,
Richard Lende and Wilder Penfield demonstrated that the parietal cortex con-
tained distinct representations of the body surface. These individuals used surface
evoked potential techniques to examine where in the neocortex inputs from differ-
ent portions of the body were represented. Their functional subdivisions roughly
corresponded to previously defined architectonic subdivisions by Brodmann and
others, although they did not directly relate their functional data to histologically
processed tissue. Specifically, a single representation of the contralateral body was
found in non-human and human primates in the anterior parietal cortex (see
Figure 4.2), a region that roughly corresponded to areas 3, 1 and 2 of Brodmann.
This functional field was termed the “primary somatosensory cortex” and abbrevi-
ated to SI. Today, arabic numerals have replaced roman numerals in this
abbreviation, which is now commonly written as S1. These maps of the body were
complete and topographically organized, such that adjacent portions of the skin
were represented in adjacent portions of the neocortex. It was during this time
that the term “homunculus” became popularized. While Penfield enjoyed much of
the notoriety for his studies of the human parietal cortey, it was Clinton Woolsey
and colleagues who demonstrated the ubiquity of SI in numerous species
including humans.

Lateral to SI, a second representation of the body observed in humans and
other mammals was called SII (now commonly referred to as S2) (see
Figure 4.2). It should be noted here that during this time the primary auditory
area (A1) and the primary visual area (V1) had also been defined in a variety of
mammals, roughly corresponding to architectonic divisions of the neocortex
(Brodmann’s areas 41 and 17 respectively). However, it was not common during
this era for physiologists to cut and process the brains from which they recorded.
Therefore, a direct relationship between function and structure was rarely well
established.

There were several extremely important (and sometimes counterproductive)
theoretical concepts that emerged from this era of scientific discovery that still
persist today. The first is that when two fields of a given sensory modality were
described in evoked potential mapping studies, these were regrettably termed
“primary and secondary sensory fields”. This, of course, reinforces current theo-
ries on hierarchical processing networks in the neocortex, which imply that fields
such as the primary somatosensory, auditory and visual areas have ascendency
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the cortical sheet. In species with larger brains, such as macaque monkeys,
ese fields were separated by a relatively large expanse of cortex where responses
sctile, auditory or visual stimuli could not be evoked in the anesthetized prepa-
ons used to study non-human mammals. This unresponsive cortex consisted of
mnch Jarger percentage of the cortical sheet in monkeys and apes than in small-
ained mammals, and included the region of cortex between S1/S2 and V2, now
wn as the posterior parietal cortex. Because stimulation failed to evoke a
response, these physiologists assumed this region corresponded to the “associa-
tion cortex” identified by anatomists at the beginning of the century (e.g. Campbell,
1905; Fleshig, 1905). The association cortex was proposed to be a region where
sensory inputs were combined and translated, and perhaps where consciousness
was seated (Zeki, 1993). Over time the notion of the posterior parietal cortex
(PPC) as the association cortex gradually gave way to an appreciation that the PPC
contains a large, complex network of cortical fields, many of which process
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sensory inputs.

It would be remiss if we did not briefly mention the important contributions
by Vernon Mountcastle and his colleagues in the 1950s and ’'60s. Probably the
most significant was his work on the awake behaving monkey, where he directly
related neural activity to some aspect of behavior. Discoveries that neurons
respond to specific sensory modalities, that particular features of a stimulus such
as orientation and direction are coded by specific neurons, and that receptive
fields of neurons have a complex organization such as center-surround were also
made during this time (see Mountcastle, 1995a, 1995b). Subsequently, he
described the cortical column and promoted the notion of a “basic uniformity” of
the neocortex at the level of the microcircuit. However, that is a separate story for
another day.

1979: THE GAME-CHANGING DISCOVERY OF
MULTIPLE REPRESENTATIONS IN THE "PRIMARY"
SENSORY CORTEX OF PRIMATES

e have outlined not only the scientific discoveries that occurred before the

1979 Kaas paper but also the theoretical framework prevalent at this time,
so that the reader can appreciate why the 1979 study by Kaas, Nelson, Sur, Lin, and
Merzenich was so important. Utilizing extracellular electrophysiological recording
techniques in a number of New and Old World monkeys under anesthesia, Kaas
and colleagues recorded from hundreds of sites within the parietal cortex in each
animal while stimulating different body parts. Unlike single-unit studies in which
only a few sites within a given monkey cortex are surveyed and stimuli are con-
trolled, in these studies the body was stimulated by handheld probes (a technique
termed “hand mapping”) lightly tapping or brushing the skin surface for cutaneous
stimulation. Deep receptors were stimulated by manipulation of joints or probing
muscles. Because neural responses to these manually applied stimuli can be
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Figure 4.3 Changing concepts of the organization of somatosensory cortex over
time. Early evoked potential maps of Woolsey (A) suggest that a single representation
of the body was co-extensive with four cytoarchitectonic fields (3a,3b, |,and 2).The
1979 study by Kaas and colleagues discovered that cytoarchitectonic areas 3b and |
each contained a separate and complete representation of the body (B). Subsequent
studies summarized by Seelke et al. (2012) demonstrate that detailed maps of the

body exist in each of the four cytoarchitectonic fields, at least in macaque monkeys (C).

Cytoarchitectonic data. In subsequent papers and reviews he argued convincingly
that the best way to subdivide the neocortex was to use multiple criteria, includ-
ing an examination of the connection patterns of a presumptive cortical field
(Kaas, 1982). In addition, the use of multiunit electrophysiological recording
techniques made surveying a huge swath of cortex possible, and allowed one to
pose questions about the overall cortical organization. While a number of impor-
tant discoveries in parietal and posterior parietal cortex in the same era were
made using single-unit electrophysiological techniques (see Mountcastle 1995a, b,
for a review), the types of results yielded by the two techniques were synergistic
rather than mutually exclusive. Studies of single neurons in awake animals are
limited in terms of the amount of cortex that can be surveyed, but they allow one
to determine the response properties of neurons in much greater detail and with
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Figure 4.4 A cladogram showing the phylogenetic relationship of different species
of mammals and the organization of their parietal cortex. Modern comparative
analysis utilizes multiple techniques (e.g. electrophysiological and architectonic) to
subdivide the neocortex.This figure demonstrates that all species examined have a
primary somatosensory area (S|) and a second sensory area (52). Recent studies
demonstrate that a field rostral to S| (termed area 3a or R) has been identified
across groups as well as a posterior parietal cortex. However, the posterior parietal
cortex is greatly expanded in primates.To date only primates have four separate
anterior parietal fields (3a, 3b, | and 2}, only one of which (area 3b) should be
considered as Si.

Short-tailed opossum

Early mammals

nerve section or a loss of digits and limbs due to injury (Merzenich et al,, 1983).
This led us to re-examine the idea of strict critical periods during development. It
also led to an explosion of experiments in both labs and spawned a new generation
of investigators who studied adult plasticity, including Gregg Recanzone,
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Hubert Dinse, Tim Pons, Jim Jenkins, Randy Nudo and Preston Garraghty, to name
but a few, all of whom used techniques pioneered by Kaas and Merzenich.

Additionally, the 1979 study was the basis for non-invasive imaging studies in
humans. The first generation of functional magnetic resonance imaging studies in
humans sought to validate the existence of areas previously described in monkeys
in which extracellular multiunit techniques were used to define a field. These stud-
ies in humans confirmed the presence of multiple representations in the visual,
somatosensory and auditory cortex, including the presence of separate represen-
tations in 3a, 3b, 1 and 2 (Binder et al., 1994; Sereno et al,, 1995; Lin et al,, 1996;
Disbrow et al,, 1999).

Subsequent to the publication of the 1979 study, investigators began to more
thoroughly explore the posterior parietal cortex to see whether distinct subdivi-
sions were present, like the multiple areas described in the anterior parietal
cortex. Most of the studies in PPC are executed in awake animals since neurons
here do not respond well in anesthetized preparations. While it is beyond the
scope of this chapter to consider all of the single-unit studies on the posterior
parietal cortex, it is clear that these types of studies in monkeys, and non-invasive
imaging studies in humans, demonstrate that this region of the neocortex is com-
posed of multiple cortical fields that have both sensory and motor functions
(particularly regarding the hands and eyes). Specifically, in primates the anterior
portion of the posterior parietal cortex in the intraparietal sulcus and on the infe-
rior parietal lobule (including areas 5, 7a and 7b of Brodmann and PF and PG of
von Economo) is dominated by areas involved in intentional reaching and grasp-
ing, preshaping the hand to match a visual target, and matching grasp postures to
shape and behavioral context. These regions are also involved in monitoring tactile
and proprioceptive information from anterior parietal fields to code reach and
grasp kinematics. Finally, these regions are involved in higher-order functions
such as parsing self motion from object motion, generating an internal representa-
tion of the self, and possibly coding the intention of others (Snyder et al., 1997;
Fogassi et al.,, 2005; Bisley and Goldberg, 2010).

What is probably the most important concept to have emerged in recent years is
that the parietal cortex, including both the anterior and posterior parietal cortex, is
actually involved in motor control, and not strictly in sensory processing (Gharbawie
etal, 2011a, 2011b; Stepniewska et al,, 2014). Further, we now know that neurons in
somatosensory areas in the parietal cortex and lateral sulcus are modulated by atten-
tion, and even by stimulation from other modalities such as vision (Haggard et al,
2007; Burton et al., 2008). Thus, function is distributed across cortical networks that
are made up of individual nodes or cortical fields, rather than being strictly localized
to a particular cortical field. This means processing is not strictly hierarchical, that
there is not a one-to-one correspondence between cortical field and function, and
that differential activation of nodes within a network can generate a variety of com-
plex behaviors. It is our hope that the next generation of scientists will seek to
understand how characteristics such as perception, intention and consciousness
emerge from such networks and the multiple cortical fields that compose them.









