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ABSTRACT

Natural selection operates on phenotypic variation that exists within a population.
Variable aspects of cortical organization, such as the size and connections of a cortical field,
can generate differences in behavior, which is a target of natural selection. Yet studies
pertaining to within-species variability in cortical organization are limited. In the present
investigation, we examined variation in brain size, cortical sheet size, and primary sensory
cortical field sizes in the adult short-tailed opossum (Monodelphis domestica). Within indi-
viduals, we found no significant difference between the right and left hemispheres in the
overall size of the dorsolateral cortex or in primary cortical field sizes. Between individuals,
we found relatively little intraspecies variation in brain weight, brain volume, and cortical
sheet area for the dorsolateral neocortex and pyriform cortex; however, we observed a large
degree of variability in body weight and primary sensory cortical field size, as defined by
myeloarchitecture. Further, we found that the size of each cortical field correlated with the
size of the other cortical fields as well as with the total size of the dorsolateral cortex. Here
we discuss the possible sources of variation and examine the relationship between cortical
field size and sensory processing abilities and behaviors across species. Since behavior is the
target of natural selection, variation in cortical field size across individuals may supply the

raw material necessary for cortical field evolution. J. Comp. Neurol. 499:990-999, 2006.
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Two of the fundamental tenets of the Darwinian Theory
are that variation exists within a population and that
natural selection operates on this variation. Thus, to un-
derstand how cortical field evolution proceeds it is neces-
sary to identify the types of variation that exist in differ-
ent cortical fields of individuals within a species or a
population, to examine the mechanisms by which this
variation arises, and to determine how selection operates
on these mechanisms by selecting for specific aspects of
behavior that are generated by cortical fields.

Before variability in aspects of cortical field organiza-
tion can be appreciated, it is necessary to accurately and
consistently identify cortical fields within and across spe-
cies. The criteria used to define a cortical field have been
described previously (Kaas, 1982, Kaas, 1983) and include
a complete representation of the contralateral sensory
surface (such as the body) or the contralateral visual field,
often coincident with a unique architectonic appearance
and pattern of connectivity with the thalamus and other
cortical fields. Notably, the features used to define a cor-
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tical field can be highly variable across species. For exam-
ple, cortical fields can vary in their internal organization
of sensory receptor representations, their architectonic
appearance, their patterns of connectivity, and their size
(Krubitzer and Kahn, 2003; Krubitzer and Kaas, 2005). At
a finer level of organization, variability in the response
properties of neurons in a given location and synaptic
connectivity within a cortical field may be different for
different species. Thus, these differences in both the gross
organization and connectivity of cortical fields and in the
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finer levels of organization are believed to account for the
diversity of behaviors associated with the neocortex that
are observed across species, such as differences in sensory,
perceptual, and cognitive processing.

While the diversity of cortical organization that exists
across species is appreciated, there are only a few studies
on natural variation that exist in cortical organization
within a population (e.g., Van Essen et al., 1984; Riddle
and Purves, 1995; Dougherty et al., 2003). The goal of the
current investigation was to examine the natural varia-
tion that exists within the neocortex of Monodelphis do-
mestica by quantifying the size of the primary sensory
cortical fields (primary auditory area (Al), primary so-
matosensory area (S1), and primary visual area (V1); see
list for abbreviations), as defined architectonically, and
two other well-defined cortical fields (frontal myelinated
area (FM) and caudotemporal area (CT)), and by compar-
ing the size of these fields across individuals. We chose to
examine M. domestica because the overall size of the neo-
cortex is relatively small and lisencephalic, and because
architectonically defined cortical fields have been directly
related to functional organization (Huffman et al., 1999;
Catania et al., 2000; Frost et al., 2000; Kahn et al., 2000).
Further, these animals have served as an important ani-
mal model for studies utilizing experimental manipula-
tions early in development. We included cortical areas FM
and CT since, in all M. domestica examined, these areas
are readily identified architectonically and their relative
positions on the cortical sheet are invariant. Electrophys-
iological recordings in CT indicate that it is involved in
visual processing (Huffman et al., 1999); however, the
function of FM is not known.

Ultimately, we plan to determine how differences in
cortical field size, organization, and connectivity in both
normal and experimental animals covary with quantifi-
able differences in behavior. This current study of normal
variation is the first step toward understanding this rela-
tionship.

MATERIALS AND METHODS

All procedures were approved by the Animal Use and
Care Administrative Advisory Committee of the Univer-
sity of California, Davis, and conform to National Insti-
tutes of Health guidelines. Eleven female and 11 male
adult short-tailed opossums (Monodelphis domestica)
ranging in age from 6-32 months (average age, 13.9 = 8
months) were used in these experiments. All of the ani-
mals were weighed prior to being euthanized. Weights
ranged from 66-143 g (average, 97.6 = 26 g).

Measuring brain size

Each animal was euthanized with an overdose of so-
dium pentobarbital (Beuthanasia, 250 mg/kg i.p.) and per-

Abbreviations
Al Primary auditory area
CT Caudotemporal area
CvV Coefficient of variance
FM Frontal myelinated area
OB Olfactory bulb
PYR Pyriform cortex
S1 Primary somatosensory area

Vi Primary visual area
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fused transcardially with 0.9% NaCl in 0.1 M phosphate
buffer (PB; pH 7.4), then with 4% paraformaldehyde (PA)
in PB, followed by 4% PA + 10% sucrose in PB. Following
perfusion, each brain was blocked behind the cerebellum
and included everything anterior to the level of the spinal
cord. Brains were then stored in 4% PA. The brains were
photographed (RT Spot camera, Diagnostic Instruments,
Sterling Heights, MI), weighed on a laboratory scale (A-
250, Denver Instrument, Denver, CO), and the volume of
each brain was measured.

Volume measurements were taken using fluid displace-
ment (Scherle, 1970; Weibel, 1979; Mayhew et al., 1990;
Howard and Reed, 2005), which relies on the Archimedean
principle of fluid displacement and is comparable to the
Cavalieri method for measuring volume (Mayhew et al.,
1990). Specifically, a beaker of 0.9% normal saline was
placed on a laboratory scale, and a porous basket was
suspended below the surface of the saline but above the
bottom of the beaker by laboratory stand using a fine
thread. The apparatus was tared and the brain was placed
in the basket. The weight not borne by the thread, which
is equal to the volume of the brain in cubic millimeters,
was recorded and the procedure repeated five times. An
average of five measurements was used as the final vol-
ume to increase the precision of the measurement.

Following weight and volume measurements for the whole
brain, the cortical hemispheres were removed from the thal-
amus and brainstem using a procedure that has been per-
formed in a variety of animals, including mice (Welker and
Woolsey, 1974), rats (Welker, 1976), star-nosed moles (Ca-
tania and Kaas, 1995), and opossums (Huffman et al., 1999).
Briefly, the anterior commissure was cut and the cortex was
gently peeled away from the thalamus, breaking the axons
in the corona radiata adjacent to the thalamus. The hip-
pocampus was not separated from the cortex and was in-
cluded in the cortical measurement. The weight and volume
of each hemisphere and the remaining thalamus and brain-
stem were taken as described above.

Histological processing

Cortical hemispheres were manually flattened, cryopro-
tected in 30% sucrose, and sectioned tangentially on a
freezing microtome at 20 pwm. In this preparation we did
not undercut the white matter and retract the medial wall
because the necessary cuts in the cortex needed to perform
this technique would be different for each animal, and the
resulting differential thickness across the cortical sheet
that this method induced would have generated additional
variability.

Myeloarchitecture was used to identify cortical fields. My-
elin stains were done using the protocol described by Gallyas
(1979). Since darkly myelinated regions are coextensive with
functional boundaries (Huffman et al., 1999; Catania et al.,
2000; Frost et al., 2000; Kahn et al., 2000), cortical fields
were defined based on myelin density (Fig. 1A). Specifically,
V1 (Area 17; striate cortex) was defined as a darkly myelin-
ated field located caudomedially on the neocortex; Al was
defined as a darkly myelinated field located laterally on the
neocortex, adjacent to the rhinal sulcus; S1 was identified as
a darkly myelinated field located just rostral to V1 and Al;
FM was defined as a darkly myelinated field located at the
most rostral pole of the neocortex, adjacent to the rhinal
sulcus; and CT was defined as a moderately myelinated,
triangular field located at the caudolateral pole of the neo-
cortex (see list for abbreviations).
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Case 05-10

Myelin Stained Sections Reconstructions

Section 1

Composite Image

Fig. 1. Myeloarchitecture in flattened cortical sections. Primary
sensory areas (V1, S1, Al) are darkly myelinated and their bound-
aries are coextensive with functional regions of the neocortex, defined
using multiunit electrophysiological recording techniques (Huffman
et al., 1999; Frost et al., 2000; Kahn et al., 2000). A: A myelin-stained
section for a single cortical section taken from the middle cortical
layers. A camera lucida was used to trace the outline of the section,
the rhinal sulcus, and borders of the cortical areas (thin lines demar-
cate V1, S1, A1, FM, CT). Since no single section accurately repre-
sents all of the cortical field boundaries, the entire series of sections

Quantification of cortical field size

To quantify cortical field sizes, myelin boundaries were
drawn for every section containing cortical fields of inter-

Case 05-17

Reconstructions

Myelin Stained Sections

Section 1

were reconstructed from each case and the boundaries from those
sections were compiled to make one comprehensive drawing to repre-
sent each hemisphere. B: Three sections from two different cases.
Photographs of the sections are shown in the left column and camera
lucida tracings are shown in the right column for each case. The
camera lucida tracings were aligned using blood vessels. Comprehen-
sive drawings were made by combining all of the individual drawings
and using the largest outline from each tracing as the outer border.
Rostral is left; medial is up; abbreviations defined in list. Scale bar =
1 mm.

est using a camera lucida (Stemi SV6, Zeiss, Thornwood,
NY). Since no single section accurately represents all of
the cortical field boundaries, boundaries from several sec-
tions were compiled to make one comprehensive drawing



The Journal of Comparative Neurology. DOI 10.1002/cne

INTRASPECIES VARIATION IN CORTICAL ORGANIZATION

TABLE 1. Mean, Standard Deviation, and Coefficient of Variance

Standard Coefficient of
Mean deviation variance

Body weight (g) 97.6 25.9 26.49
Brain weight (mg) 828.0 67.6 8.17
Left hemisphere weight 217.2 18.5 8.50
Right hemisphere weight 216.8 155 7.17
Thalamus/brainstem weight 354.1 33.6 9.50
Brain volume (mmS) 768.0 53.4 6.96
Left hemisphere volume 213.1 18.4 8.62
Right hemisphere volume 212.5 12.8 6.04
Thalamus/brainstem volume 349.3 31.8 9.11
% Cortical sheet devoted to:

Neocortex 43.5 2.8 6.40
Pyriform cortex 41.7 2.5 6.07
Olfactory bulb 14.8 2.5 16.87
% Neocortex devoted to:

Primary auditory area (A1) 6.9 1.1 16.43
Primary somatosensory area (S1) 18.9 3.3 17.16
Primary visual area (V1) 9.1 2.1 23.17
Frontal myelinated area (FM) 5.6 1.3 23.40
Caudotemporal area (CT) 3.5 0.9 26.44

to represent each hemisphere (Fig. 1B). By matching blood
vessels and tissue artifacts, a composite reconstruction
was made, scanned into a computer, and area measure-
ments were acquired using the NIH Image 1.62 program
(Rasband, 1997-2006). This program has been used to
measure cortical areas in previous studies (Huffman et al.,
1999; Wahlsten et al., 2003; Airey et al., 2005; Hunt et al.,
2006), and a similar method has been used by Riddle and
Purves (1995).

Statistical analysis

Descriptive statistics of each measurement are pre-
sented. Differences between the two hemispheres were
evaluated using paired ¢-tests. A Levene’s test for equality
of variances determined that there were no significant
differences in the variances between the two hemispheres
for any of the fields, so equal variances were assumed in
all of the ¢-tests. To quantify the amount of variance, the
coefficient of variance (CV) was calculated for each mea-
surement using the formula: Coefficient of Variance =
(Standard Deviation + Mean) * 100. Pearson’s correlation
tests were used to determine the correlation between fac-
tors.

RESULTS

In this study we measured body weight, brain weight
and volume, cortical sheet area, and the relative area of
primary sensory cortical fields (defined as the cortical field
area divided by the neocortical area) to determine the
amount of intraspecies variation that exists within our
colony. Means and standard deviations were calculated for
body weight, brain weight and volume, cortical sheet area,
and for the area of individual cortical fields, as defined by
myeloarchitecture (Fig. 1).

Quantification of body size and brain size

Body weight and brain weight were measured in adult
animals. The average body weight was 97.6 = 25.8 g
(mean * standard deviation, SD). Body weight varied by
26.5% (Table 1) and was the most variable of all measure-
ments taken. Although the opossums ranged from 6-32
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months of age, there was no correlation between body
weight and age (r(22) = 0.286, P = 0.197).

Brain size was determined by two measurements,
weight and volume. Brain weights are summarized in
Figure 2A. The average brain weight was 828 = 68 mg.
Once the left and right hemispheres were separated from
the thalamus, each hemisphere was weighed indepen-
dently. On average, the left hemisphere weighed 217 = 18
mg; the right hemisphere weighed 217 + 16 mg; and the
remaining thalamus and brainstem weighed 354 + 34 mg.
There was no significant difference between the weights of
the two hemispheres (¢(20) = 0.091, P = 0.928), and there
was no correlation between brain weight and age (r(22) =
0.169, P = 0.451). Brain weight varied relatively little; the
CV ranged from 7.17-9.50% (Table 1).

Brain volumes are summarized in Figure 2B. The aver-
age brain volume was 768 * 53 mm?®. The average volume
of the left hemisphere was 213 + 18 mm?; the average
volume of the right hemisphere was 212 + 13 mm?; and
the average volume of the remaining thalamus and brain-
stem was 349 = 32 mm?®. There was no significant differ-
ence between the volumes of the two hemispheres (£(20) =
0.149, P = 0.883) and there was no correlation between
brain volume and age (r(20) = 0.248, P = 0.292). Brain
volume varied relatively little; the CV ranged from 6.04—
9.11% (Table 1).

We examined the relationship between brain weight
and body weight by graphing the data on a log-log plot
(Fig. 2C). Using the allometric equation: log y = a log x +
log b, where y = brain weight; x = body weight; a = slope;
and b = y-intercept (West, 1990; Kruska, 2005), we found
a slope of a = 0.213. The general range of slopes reported
for intraspecies comparisons fall between 0.20 and 0.30
and for interspecies comparisons fall between 0.56 to 0.63
(Kruska, 2005). A slope of 0.213 demonstrates that our
data are comparable to other intraspecies studies and is
consistent with the idea that the slope of intraspecies
comparisons is approximately half as steep as interspecies
comparisons.

Quantification of cortical sheet size

The area of the flattened, dorsolateral cortical sheet,
taken from the composite image (Fig. 1B), was measured
using the NIH Image program. The average area of the
cortical sheet was 97.5 = 159 mm?. Although adults
ranged in age, we found no correlation between cortical
sheet size and age (r(19) = —0.061, P = 0.804). Further,
there was no significant difference in the area of the cor-
tical sheet between the two hemispheres (¢£(12) = —0.478,
P = 0.641); however, cortical sheet size varied by 16.33%
across animals, primarily due to the high level of variabil-
ity in olfactory bulb size (see below).

The cortical sheet was divided into three regions: the
neocortex (defined as cortex medial to the rhinal sulcus;
Fig. 1), pyriform cortex (PYR; defined as cortex lateral to
the rhinal sulcus), and the olfactory bulb (OB; defined as
the bulb-shaped projection on the rostral end of the corti-
cal sheet, separated from pyriform cortex by a dense band
of myelin). The area of each region was standardized as a
percent of the cortical sheet. On average, the neocortex
occupied 43.5 = 2.8%, PYR occupied 41.7 = 2.5%, and the
OB occupied 14.8 = 2.5% of the cortical sheet (Fig. 2D).
There was no significant difference between the two hemi-
spheres in the percent of the cortical sheet occupied by the
neocortex (¢(12) = 0.386, P = 0.706), the PYR (¢(12) =



994

!

S = =
% Yoy o
Ch S h
1 1 1

e
%0
i

- Total

Left

Right Thalamus

=
“
Ch

log Brain Weight (g)

<
2
e

e

(o))

n
1

The Journal of Comparative Neurology. DOI 10.1002/cne
S.J. KARLEN AND L. KRUBITZER

Left

0 4
Total Right Thalamus

eet
BB oW
S S

= 95
= 30
Q

25 1
201
4 15

=

[}

5@10'
5-
O-

PYR
B Left Hemispheres

Neocortex OB

Fig. 2. Quantification of brain and cortical field size. Average
measurements are given; error bars depict standard deviation.
A: Brain weights for the whole brain, left hemisphere, right hemi-
sphere, and remaining thalamus and brainstem. There was no signif-
icant difference between the left and right hemispheres. B: Brain
volumes for the whole brain, left hemisphere, right hemisphere, and
remaining thalamus and brainstem. There was no significant differ-
ence between the two hemispheres. C: Plot of brain weight versus
body weight on a log-log scale. Each point represents an individual

—0.471, P = 0.646), or the OB (¢(12) = —0.066, P = 0.948),
indicating that the two hemispheres were symmetrical.
The percent of the cortical sheet devoted to the neocor-
tex and the PYR varied relatively little, CV = 6.40% and
6.07%, respectively. The percent of the cortical sheet de-
voted to the OB varied by 16.87%, more than twice as
much as the variance found in the neocortex and the PYR.
It is unclear whether this variation in OB size is due to
variance between animals or is an artifact from inconsis-
tencies in removing the OBs from the skull. Although
brains were removed as carefully as possible, the OBs are
sometimes difficult to remove, particularly the most ros-
tral portion. To ensure that the variation in OB size did
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animal. The slope of the line is 0.213, which is comparable to other
intraspecies studies. D: The cortical sheet was divided into three
regions: the neocortex, pyriform cortex, and olfactory bulb. We found
no significant difference in the area of these regions between the two
hemispheres. E: Myeloarchitecture was used to identify the cortical
fields A1, S1, V1, FM, and CT. We found no significant difference in
the area of any of these fields between the left and right hemispheres,
but there was a large degree of variation in the area of individual
cortical fields across animals.

not skew other area measurements, all comparisons of
cortical field size were made by comparing cortical field
size to neocortical area, as defined above, rather than to
the total area of the dorsolateral cortical sheet.

Quantification of primary sensory
cortical fields

Myeloarchitecture was used to identify the primary cor-
tical fields and the area of each cortical field was measured
using the NIH Image program. Cortical field measure-
ments were standardized as a percent of neocortical area.
On average, Al occupied 6.9 *= 1.1%, S1 occupied 18.9 =
3.2%, V1 occupied 9.1 = 2.1%, FM occupied 5.6 = 1.3%,
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Fig. 3. The size of the primary cortical fields A1, S1, and V1 were
highly correlated between the left and right hemispheres within in-
dividuals, as determined by Pearson correlation tests. Each point
represents a single animal. A: The size of A1 was highly correlated

and CT occupied 3.5 = 0.9% of the neocortex (Fig. 2E).
There was no significant difference between the two hemi-
spheres in the percent of the neocortex occupied by Al
(#(13) = 0.520, P = 0.612), S1 (¢(13) = 0.844, P = 0.414),
V1 (¢(13) = 0.428, P = 0.676), or FM (¢£(13) = 1.327, P =
0.207), indicating that these fields are symmetrical. There
was a significant difference in the percent of the neocortex
occupied by CT (¢(13) = 2.251, P = 0.042), suggesting that
CT may be slightly larger in the left hemisphere than in
the right hemisphere.

The percent of neocortex devoted to each cortical field
varied considerably more than any other brain measure-
ment we made (except OB, but see above), and this vari-
ance was surpassed only by the variance in body weight
(Table 1). Specifically, Al varied by 16.43%, S1 varied by
17.16%, V1 varied by 23.17%, FM varied by 23.40%, and
CT varied by 26.44%. This amount of variation is two-to-
three times higher than brain weight and volume mea-
surements (6-9% vs. 16—26%; see Table 1), suggesting
that the size of cortical fields varies considerably more
across individuals than does brain size.

We ran a series of Pearson correlation tests to deter-
mine the relationship between cortical field area and neo-
cortical area. As expected from the paired ¢-tests, we found
that the size of A1 was highly correlated between the right
and left hemispheres (r(14) = 0.748, P = 0.002; Fig. 3A);
the size of S1 was highly correlated between the two
hemispheres (7(14) = 0.061, P = 0.022; Fig. 3B); and the
size of V1 was highly correlated between the two hemi-
spheres (r(14) = 0.664, P = 0.010; Fig. 3C). Since the right
and left hemisphere measurements could not be consid-
ered independent and were not significantly different, we
averaged the values to obtain a single measurement for
each animal. Using these values, we found no correlation
between cortical field size and age (Al: r(19) = 0.207, P =
0.395; S1: r(19) = —0.023, P = 0.925; V1: r(19) = —0.241,
P =0.321; FM: 7(19) = —0.307, P = 0.200; and CT: #(19) =
—0.418, P = 0.075). Further, there was no correlation
between the percent of the neocortex occupied by any
cortical field with the percent of cortex occupied by any

between the two hemispheres (P < 0.05). The line of best fit is shown
(R? = 0.56). B: The size of S1 was highly correlated between the two
hemispheres (P < 0.05; R? = 0.37). C: The size of V1 was highly
correlated between the two hemispheres (P < 0.05; R = 0.44).

other cortical field. This indicates that there is no rela-
tionship between the relative sizes of cortical fields, as
measured by surface area; thus, if one field increases as a
percentage of the neocortex, another field does not change
its size in a dependent way. Nevertheless, the absolute
size of cortical fields did correlate with overall neocortical
sheet size as well as with the size of other cortical fields
(Fig. 3). Specifically, we found that the area of Al corre-
lated with neocortical area ((19) = 0.722, P = 0.000; Fig.
4A); the area of S1 correlated with neocortical area
(r(19) = 0.771, P = 0.000; Fig. 4B); and the area of V1
correlated with neocortical area (r(19) = 0.803, P = 0.000;
Fig. 4C). Further, the area of Al correlated with S1
(r(19) = 0.645, P = 0.003; Fig. 4D), the area of Al corre-
lated with V1 (»(19) = 0.480, P = 0.038; Fig. 4E), and the
area of S1 correlated with V1 (»(19) = 0.587, P = 0.008;
Fig. 4F). Together, these data indicate that the absolute
area of cortical fields scales positively with neocortical
area as well as with the area of other cortical fields.

DISCUSSION

In the present investigation we examined the variation
in brain size, cortical sheet size, and primary sensory
cortical field sizes in adult short-tailed opossums. We ob-
served that there was relatively little variability across
animals in total brain size, as measured by weight and
volume, and in the size of the neocortex and PYR, as
measured by surface area. Likewise, the surface area of
the cortical sheet and of primary cortical fields varied
relatively little across hemispheres within an individual.
In contrast, the surface area of individual cortical fields
varied considerably more between animals than any other
measurement, except for variation in body weight and OB
size. Although the relative sizes of cortical fields were not
correlated, the absolute size of cortical fields correlated
with absolute cortical sheet size, as well as with the size of
other cortical fields within the same hemisphere. Thus,
the area of any given cortical field did not increase in size
at the expense of another primary cortical field. In the
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Fig. 4. The absolute size of cortical fields correlated with the
overall size of the neocortex as well as with the size of other cortical
fields, as determined by Pearson correlation tests. Each point repre-
sents a single animal; data points were obtained by averaging the
right and left hemisphere values, since the two hemispheres could not
be considered independent measurements and were not significantly
different. A: The area of Al correlated with neocortical area (P <

following discussion we examine other studies in which
variation in cortical field size has been observed within a
species, and we discuss the possible sources of variation in
cortical field size and the relationship between the diver-
sity in cortical field size and behavior.

Variation in cortical sheet and cortical
field size

Although the surface area of the dorsolateral cortical
sheet varied between individuals, there was relatively
little variability across hemispheres within an individual.
This type of interhemispheric consistency in size has been

0.001). The line of best fit is shown (R? = 0.52). B: The area of S1
correlated with neocortical area (P < 0.001; R? = 0.59). C: The area of
V1 correlated with neocortical area (P < 0.001; R = 0.64). D: The
area of S1 correlated with A1 (P < 0.005; R? = 0.42). E: The area of V1
correlated with A1 (P < 0.05; R? = 0.23). F: The area of V1 correlated
with S1 (P < 0.05; R? = 0.34).

observed for a variety of mammals including horses, pigs,
goats, dogs, cats, rabbits (Mayhew et al., 1996), macaque
monkeys (Van Essen et al., 1984), and humans (Henery
and Mayhew, 1989; Hutsler et al., 1998). Similarly, corti-
cal field area varied two-to-three times more between in-
dividuals than across hemispheres within an individual, a
result similar to that observed in other mammals. For
example, Riddle and Purves (1995) found that in rats the
size of S1 and its individual isomorphic representations of
body parts varied considerably across individuals. Fur-
thermore, intraspecies variability in the size of V1 and
several other extrastriate cortical fields has been de-
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scribed in humans (Dougherty et al., 2003), as well as in
several nonhuman primates (Van Essen et al., 1984; Kru-
bitzer and Kaas, 1990; Purves and LaMantia, 1993). In-
terestingly, the magnitude of variability described in the
size of V1 in these studies was relatively high for all
species, as measured by the coefficient of variance (i.e.,
13.2% in squirrel monkeys; 35.8% in owl monkeys; 13.7%
in marmosets; 15.3% in galagos; 27.4% in humans; and
23.2% in the current study), and was not correlated with
the overall size of the brain.

Sources of variation

In the present investigation we noted that the sizes of
individual cortical fields, as determined by area, were
more variable than the other measurements made. There
are several possible sources of this variation. First, the
variation could be genetic. Recent studies in which the
size of cortical fields were shown to vary in different
strains of mice support the hypothesis that the source of
the variation is genetic (Wimer et al., 1969; Wahlsten et
al., 2003; Airey et al., 2005). For example, Airey et al.
(2005) demonstrated that the size of V1 and the barrel
fields in S1 were significantly different between two
strains of mice (C57BL/6J and DBA/2J). Because these
animals were reared in almost identical environments,
the source of the variation is most likely due to inherited
differences between strains. Although a one-to-one corre-
spondence between a specific gene and the emergence of a
particular cortical field has yet to be established, recent
studies in mice have demonstrated that it is possible to
change the size of a cortical field by altering the spatial
distribution of regulatory genes in the neocortex (Mal-
lamaci et al., 2000; Bishop et al., 2000; Fukuchi-Shimogori
and Grove, 2001; Hamasaki et al., 2004; see O’Leary and
Nakagawa, 2002, for review). For example, in mice that
overexpress Emx2 (Hamasaki et al., 2004), the size of V1
is markedly larger than in normal animals, and S1 is
distinctly smaller. While this disproportionate increase in
V1 and decrease in S1 is different than the types of vari-
ation observed in a normal population, this study supports
the assertion that genes can play a critical role in regu-
lating cortical field size. If Emx2, in combination with
other genes, was involved in regulating cortical field size
within a normal population, then one would expect the
expression pattern of this gene to be variable within a
population. Unfortunately, the precise role that this gene,
or other genes, may play in cortical arealization is not
known, nor is the variability of gene expression patterns
appreciated across individuals within a population.

A second source of variation in cortical field size may be
due to differences in patterns of sensory-driven activity
during development. Several studies have demonstrated
that it is possible to alter the size of a cortical field by
changing peripheral morphology early in development
and thereby the relative activity between sensory sys-
tems. Both monkeys (Rakic et al., 1991) and opossums
(Kahn and Krubitzer, 2002) that were bilaterally enucle-
ated very early in development have a substantially
smaller V1 than normal animals. Likewise, congenitally
deaf mice have a smaller Al than normal animals and a
larger V1 (Hunt et al., 2006). These studies indicate that
differences in sensory receptor arrays and associated ac-
tivity may contribute to cortical field size differences in a
normal population. Furthermore, cross-species compari-
sons indicate that such variation exists and is directly

997

related to specializations in peripheral morphology, which
may themselves be genetically regulated (Krubitzer and
Kahn, 2003).

Another source of variation is due to measurement er-
ror, which may arise from deformations and shrinkage
from histological processing or extraction of the tissue
from the cranium. For example, it is likely that the vari-
ation in OB size is an artifact arising from inconsistencies
in removing the OBs from the skull. Although brains were
removed as carefully as possible, the OBs are sometimes
difficult to remove, particularly the most rostral portion.
Since all comparisons of cortical field size in this study
were made by comparing cortical field size to dorsolateral
neocortical size rather than to total cortical sheet size
(which would include the neocortex, the PYR, and the OB),
variation in OB size did not confound the results.

We do not believe that the variability in cortical field
size observed in this study was due to measurement error
because if the variation found in the current study was
experimentally induced, then one would expect to see the
same degree of variation for cortical field area measure-
ments across hemispheres within the same individual as
one sees across individuals, since the techniques used to
process tissue, draw cortical field boundaries, and mea-
sure cortical field area in the two conditions were identi-
cal. This is not the case for the present investigation.
Indeed, the interhemispheric variation in cortical field
size was negligible.

Finally, variation could be induced by selection pres-
sure. When pressure is high, one would expect variability
to be low, because slight alterations in phenotype in a
rigid environment could adversely affect the viability of
the individual. On the other hand, when selection pres-
sure is low, as in animals bred and reared in captivity, one
might expect variability to be high. However, one could
also argue that such low selection pressure is countered in
captivity by the decreased environmental variability,
thereby decreasing variability in activity patterns across
sensory receptor arrays, and thus phenotypic variability.

Relationship between cortical field size and
behavior

Regardless of the source of variation in cortical field size
within a population, a more important issue is what the
specific relationship is between the size of a cortical field
and the sensory discriminatory abilities and behaviors of
an individual. Although not explicitly tested in this study,
it has been suggested that intraspecies variability in cor-
tical field size is correlated with some measure of perfor-
mance, such as visual acuity in the case of V1 (Duncan and
Boynton, 2003). Unfortunately, a direct relationship be-
tween cortical field size and some quantifiable measure of
performance has yet to be established for individuals
within a species. However, such a relationship has been
established for cortical domain allocation, or the amount
of total neocortex devoted to a particular sensory system,
in congenitally deaf and blind humans.

Several studies have demonstrated an enhancement of
sensory discriminatory abilities with the expansion of cor-
tical space devoted to processing a particular input. Spe-
cifically, psychophysical studies have shown that congen-
itally deaf individuals have enhanced processing of visual
motion (Armstrong et al., 2002) and peripheral vision as
compared to normal individuals (Neville and Lawson,
1987), as measured by the amplitude of the event-related
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potential’s N1 component. Further, this enhancement is
associated with an expansion of visual processing into
what would normally be auditory cortex (Catalan-
Ahumada et al., 1993; Finlay and Darlington, 1995; Lev-
anen et al., 1998; Bavelier and Neville, 2002; Fine et al.,
2005). Likewise, congenitally blind individuals have
shorter detection times for auditory discrimination tasks,
as measured using auditory event-related potentials
(Roder et al., 1999). Blind individuals also process lan-
guage faster than sighted individuals (Roder et al., 2000).
This compensatory adaptation is likely due to an expan-
sion of auditory processing into what would normally be
visual cortex (Weeks et al., 2000).

Because these examples demonstrate a clear relation-
ship between a measurable feature of cortical organization
and a sensorimotor behavior, it is reasonable to assume
that a similar relationship exists for more complex behav-
iors, such as perception and cognition. While it is unlikely
that simply devoting more cortex to a complex process
would be sufficient to explain the individual nuances of a
number of sophisticated behaviors exhibited by humans,
such differences are likely due to alterations in size, gene
expression patterns, and cortical field connectivity along
the entire neuroaxis. Thus, small differences at multiple
levels of processing across the nervous system could be
sufficient to explain the large differences in behaviors
exhibited by individuals within a population.

Comparative studies have also shed some light on this
issue. Both sensory domain allocation and the cortical
magnification of behaviorally relevant sensory surfaces
within a cortical field are well-documented phenomena for
a wide variety of mammals in all sensory systems. For
example, much of the primate neocortex is devoted to
processing visual inputs or coordinating visuo-motor be-
havior, and within cortical fields such as V1 the represen-
tation of the fovea is greatly magnified (Azzopardi and
Cowey, 1993). Similarly, the somatosensory system of the
duck-billed platypus encompasses the majority of its cor-
tex: ~75% of the entire cortical sheet is devoted to pro-
cessing inputs from the bill, and the bill representation in
S1 is greatly magnified (Krubitzer et al., 1995). Finally, in
echolocating bats most of the neocortex is devoted to au-
ditory domain allocation and the magnification of partic-
ular auditory frequencies within cortical fields (Suga,
1984, Suga, 1994; Fitzpatrick et al., 1998). Thus, there is
a clear correlation between amount of cortical space de-
voted to a particular sensory system and an animal’s
ability to detect, perceive, and act appropriately on highly
relevant stimuli.

CONCLUSIONS

In this study we found relatively less intraspecies vari-
ation in brain weight, brain volume, and cortical sheet
area for the dorsolateral neocortex and pyriform cortex
than in the body weight and the surface area of primary
sensory cortical fields. There was little to no difference in
cortical sheet size or cortical field size, as measured by
area, between hemispheres within individuals. While the
source of intraspecies variation is not well understood,
developmental studies indicate that both genes and differ-
ences in sensory-driven activity could account for the vari-
ation we observed. Together, the examination of individ-
uals with congenital loss and comparative analyses
indicate that differences in cortical field size, or at least
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sensory domain allocation, are related to differences in
sensory processing ability and behavior. Since behavior is
the target of natural selection, these types of variation in
cortical field size across individuals, if genetically medi-
ated, could supply the raw material necessary for cortical
field evolution.

ACKNOWLEDGMENTS

We thank Katherine Campi, Dylan Cooke, Deborah
Hunt, and DeLaine Larsen for helpful comments on the
article.

LITERATURE CITED

Airey DC, Robbins Al, Enzinger KM, Wu F, Collins CE. 2005. Variation in
the cortical area map of C57BL/6J and DBA/2J inbred mice predicts
strain identity. BMC Neurosci 6:18.

Armstrong BA, Neville HJ, Hillyard SA, Mitchell TV. 2002. Auditory
deprivation affects processing of motion, but not color. Brain Res Cogn
Brain Res 14:422-434.

Azzopardi P, Cowey A. 1993. Preferential representation of the fovea in the
primary visual cortex. Nature 361:719-721.

Bavelier D, Neville HJ. 2002. Cross-modal plasticity: where and how? Nat
Rev Neurosci 3:443-452.

Bishop KM, Goudreau G, O’Leary DD. 2000. Regulation of area identity in
the mammalian neocortex by Emx2 and Pax6. Science 288:344-349.

Catalan-Ahumada M, Deggouj N, De Volder A, Melin J, Michel C, Veraart
C. 1993. High metabolic activity demonstrated by positron emission
tomography in human auditory cortex in case of deafness of early onset.
Brain Res 623:287-292.

Catania KC, Kaas JH. 1995. Organization of the somatosensory cortex of
the star-nosed mole. J Comp Neurol 351:549-567.

Catania KC, Jain N, Franca JG, Volchan E, Kaas JH. 2000. The organi-
zation of somatosensory cortex in the short-tailed opossum (Monodel-
phis domestica). Somatosens Mot Res 17:39-51.

Dougherty RF, Koch VM, Brewer AA, Fischer B, Modersitzki J, Wandell
BA. 2003. Visual field representations and locations of visual areas
V1/2/3 in human visual cortex. J Vis 3:586-598.

Duncan RO, Boynton GM. 2003. Cortical magnification within human
primary visual cortex correlates with acuity thresholds. Neuron 38:
659-671.

Fine I, Finney EM, Boynton GM, Dobkins KR. 2005. Comparing the effects
of auditory deprivation and sign language within the auditory and
visual cortex. J Cogn Neurosci 17:1621-1637.

Finlay BL, Darlington RB. 1995. Linked regularities in the development
and evolution of mammalian brains. Science 268:1578-1584.

Fitzpatrick DC, Suga N, Olsen JF. 1998. Distribution of response types
across entire hemispheres of the mustached bat’s auditory cortex.
J Comp Neurol 391:353-365.

Frost SB, Milliken GW, Plautz EJ, Masterton RB, Nudo RdJ. 2000. Somato-
sensory and motor representations in cerebral cortex of a primitive
mammal (Monodelphis domestica): a window into the early evolution of
sensorimotor cortex. J Comp Neurol 421:29-51.

Fukuchi-Shimogori T, Grove EA. 2001. Neocortex patterning by the se-
creted signaling molecule FGF8. Science 294:1071-1074.

Gallyas F. 1979. Silver staining of myelin by means of physical develop-
ment. Neurology 1:203-209.

Hamasaki T, Leingartner A, Ringstedt T, O’Leary DD. 2004. EMX2 regu-
lates sizes and positioning of the primary sensory and motor areas in
neocortex by direct specification of cortical progenitors. Neuron 43:
359-372.

Henery CC, Mayhew TM. 1989. The cerebrum and cerebellum of the fixed
human brain: efficient and unbiased estimates of volumes and cortical
surface areas. J Anat 167:167-180.

Howard V, Reed MG. 2005. Unbiased stereology: three-dimensional mea-
surement in microscopy. New York: Garland Science/BIOS Scientific.

Huffman KdJ, Nelson J, Clarey J, Krubitzer L. 1999. Organization of so-
matosensory cortex in three species of marsupials, Dasyurus halluca-
tus, Dactylopsila trivirgata, and Monodelphis domestica: neural corre-
lates of morphological specializations. J Comp Neurol 403:5-32.

Hunt DL, Yamoah EN, Krubitzer L. 2006. Multisensory plasticity in con-



The Journal of Comparative Neurology. DOI 10.1002/cne

INTRASPECIES VARIATION IN CORTICAL ORGANIZATION

genitally deaf mice: how are cortical areas functionally specified? Neu-
roscience 139:1507-1524.

Hutsler JJ, Loftus WC, Gazzaniga MS. 1998. Individual variation of cor-
tical surface area asymmetries. Cereb Cortex 8:11-17.

Kaas JH. 1982. The segregation of function in the nervous system: why do
the sensory systems have so many subdivisions? Contrib Sens Physiol
7:201-240.

Kaas JH. 1983. What, if anything, is SI? Organization of first somatosen-
sory area of cortex. Physiol Rev 63:206-231.

Kahn DM, Krubitzer L. 2002. Massive cross-modal cortical plasticity and
the emergence of a new cortical area in developmentally blind mam-
mals. Proc Natl Acad Sci U S A 99:11429-11434.

Kahn DM, Huffman KJ, Krubitzer L. 2000. Organization and connections
of V1 in Monodelphis domestica. J Comp Neurol 428:337-354.

Krubitzer LA, Kaas JH. 1990. Cortical connections of MT in four species of
primates: areal, modular, and retinotopic patterns. Vis Neurosci 5:165—
204.

Krubitzer L, Kaas J. 2005. The evolution of the neocortex in mammals: how
is phenotypic diversity generated? Curr Opin Neurobiol 15:444—453.

Krubitzer L, Kahn DM. 2003. Nature versus nurture revisited: an old idea
with a new twist. Prog Neurobiol 70:33-52.

Krubitzer L, Manger P, Pettigrew J, Calford M. 1995. Organization of
somatosensory cortex in monotremes: in search of the prototypical
plan. J Comp Neurol 351:261-306.

Kruska DC. 2005. On the evolutionary significance of encephalization in
some eutherian mammals: effects of adaptive radiation, domestication,
and feralization. Brain Behav Evol 65:73-108.

Levanen S, Jousmaki V, Hari R. 1998. Vibration-induced auditory-cortex
activation in a congenitally deaf adult. Curr Biol 8:869-872.

Mallamaci A, Muzio L, Chan CH, Parnavelas J, Boncinelli E. 2000. Area
identity shifts in the early cerebral cortex of Emx2-/- mutant mice. Nat
Neurosci 3:679-686.

Mayhew TM, Mwamengele GL, Dantzer V. 1990. Comparative morphom-
etry of the mammalian brain: estimates of cerebral volumes and corti-
cal surface areas obtained from macroscopic slices. J Anat 172:191—
200.

Mayhew TM, Mwamengele GL, Dantzer V. 1996. Stereological and allo-
metric studies on mammalian cerebral cortex with implications for
medical brain imaging. J Anat 189:177-184.

Neville HJ, Lawson D. 1987. Attention to central and peripheral visual
space in a movement detection task: an event-related potential and
behavioral study. II. Congenitally deaf adults. Brain Res 405:268-283.

O’Leary DD, Nakagawa Y. 2002. Patterning centers, regulatory genes and

extrinsic mechanisms controlling arealization of the neocortex. Curr
Opin Neurobiol 12:14-25.

999

Purves D, LaMantia A. 1993. Development of blobs in the visual cortex of
macaques. J Comp Neurol 334:169-175.

Rakic P, Suner I, Williams RW. 1991. A novel cytoarchitectonic area
induced experimentally within the primate visual cortex. Proc Natl
Acad Sci U S A 88:2083-2087.

Rasband WS. 1997-2006. Image J, U.S. National Institutes of Health,
Bethesda, MD. http:/rsbinfonihgov/ij/

Riddle DR, Purves D. 1995. Individual variation and lateral asymmetry of
the rat primary somatosensory cortex. J Neurosci 15:4184-4195.
Roder B, Rosler F, Neville HJ. 1999. Effects of interstimulus interval on
auditory event-related potentials in congenitally blind and normally

sighted humans. Neurosci Lett 264:53-56.

Roder B, Rosler F, Neville HJ. 2000. Event-related potentials during au-
ditory language processing in congenitally blind and sighted people.
Neuropsychologia 38:1482-1502.

Scherle W. 1970. A simple method for volumetry of organs in quantitative
stereology. Mikroskopie 26:57—60.

Suga N. 1984. The extent to which biosonar information is represented in
the bat auditory cortex. In: Edelman GM, Gall WE, Cowan WM, edi-
tors. Dynamic aspects of neocortical function. New York: John Wiley &
Sons. p 315-373.

Suga N. 1994. Multi-function theory for cortical processing of auditory
information: implications of single-unit and lesion data for future re-
search. J Comp Physiol [A] 175:135-144.

Van Essen DC, Newsome WT, Maunsell JH. 1984. The visual field repre-
sentation in striate cortex of the macaque monkey: asymmetries,
anisotropies, and individual variability. Vision Res 24:429-448.

Wahlsten D, Metten P, Crabbe JC. 2003. Survey of 21 inbred mouse strains
in two laboratories reveals that BTBR T/+ tf/tf has severely reduced
hippocampal commissure and absent corpus callosum. Brain Res 971:
47-54.

Weeks R, Horwitz B, Aziz-Sultan A, Tian B, Wessinger CM, Cohen LG,
Hallett M, Rauschecker JP. 2000. A positron emission tomographic
study of auditory localization in the congenitally blind. J Neurosci
20:2664-2672.

Weibel ER. 1979. Stereological methods, vol. 1. Practical methods for
biological morphometry. London: Academic Press.

Welker C. 1976. Receptive fields of barrels in the somatosensory neocortex
of the rat. J Comp Neurol 166:173—-189.

Welker C, Woolsey TA. 1974. Structure of layer IV in the somatosensory
neocortex of the rat: description and comparison with the mouse.
J Comp Neurol 158:437—453.

West MJ. 1990. Stereological studies of the hippocampus: a comparison of
the hippocampal subdivisions of diverse species including hedgehogs,
laboratory rodents, wild mice and men. Prog Brain Res 83:13-36.

Wimer RE, Wimer CC, Roderick TH. 1969. Genetic variability in forebrain
structures between inbred strains of mice. Brain Res 16:257-264.



