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Abstract

In this study we examine the size of primary sensory areas in
the neocortex and the cellular composition of area 17/V1 in
three rodent groups: laboratory nocturnal Norway rats
(Long-Evans; Rattus norvegicus), wild-caught nocturnal Nor-
way rats (R. norvegicus), and laboratory diurnal Nile grass rats
(Arvicanthis niloticus). Specifically, we used areal measures of
myeloarchitecture of the primary sensory areas to compare
area size and the isotropic fractionator method to estimate
the number of neurons and nonneurons in area 17 in each
species. Our results demonstrate that the percentage of cor-
tex devoted to area 17 is significantly greater and the per-
centage of cortex devoted to S1 is significantly smaller in the
diurnal Nile grass rat compared with the nocturnal Norway
rat groups. Further, the laboratory rodent groups have a
greater percentage of cortex devoted to auditory cortex
compared with the wild-caught group. We also demonstrate
that wild-caught rats have a greater density of neurons in
area 17 compared to laboratory-reared animals. However,
there were no other clear cellular composition differences in
area 17 or differences in the percentage of brain weight de-

voted to area 17 between nocturnal and diurnal rats. Thus,
there are differences in primary sensory area size between
diurnal versus nocturnal and laboratory versus wild-caught
rat groups and cellular density between wild-caught and
laboratory rat groups. Our results demonstrate that the dif-
ferences in the size and cellular composition of cortical areas
do not fit with what would be expected based on brain scal-
ing differences alone, and have a consistent relationship
with lifestyle and sensory morphology.

Copyright © 2011 S. Karger AG, Basel

Introduction

Recent anatomical data in our laboratory indicate that
the percentage of cortex devoted to a specific sensory mo-
dality varies with both diel pattern (day/night activity cy-
cle) and rearing condition in rodents [Campi and Kru-
bitzer, 2010]. Not surprisingly, diurnal squirrels have a
larger percentage of cortex devoted to visual areas com-
pared to nocturnal rats, which have a larger percentage of
cortex devoted to somatosensory and auditory areas. Al-
though laboratory rats have a larger percentage of cortex
devoted to somatosensory and auditory areas compared
to the wild-caught rats, there is no difference in the per-
centage of cortex devoted to the visual areas or to sensory/
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motor cortex versus nondelineated cortex between the
two rat groups. This result was surprising in light of evi-
dence from environmental enrichment studies showing
increases in synapses and brain volume in rodent brains
that had experienced enriched environments, and from
volumetric brain studies which indicate that wild ani-
mals have larger brains compared to their domestic coun-
terparts [Ebinger, 1974; Kruska, 1988; Mohammed et al.,
2002; Faherty et al., 2003; Kolb et al., 2003; Gelfo et al.,
2009]. However, the wild versus domestic comparisons in
these studies were of volume differences for either the en-
tire brain or gross structures (cortex, cerebellum and re-
maining areas), whereas our study compared smaller
subdivisions of the brain, such as the size of individual
cortical sensory areas. These differences in results of
studies of gross brain size and cortical field size results
are interesting because they indicate that evolutionary al-
terations to brains across hierarchical levels are nonlin-
ear. In other words, changes in field size do not necessar-
ily translate into commensurate changes in overall brain
size, indicating a mosaic or patchwork pattern of brain
evolution specific to the combination of environmental,
behavioral and morphological demands operating with
some degree of independence on each level of organiza-
tion.

In the present investigation, we extend our compari-
sons of visual cortex in laboratory and wild-caught ro-
dents to a cellular level of organization and use the iso-
tropic fractionator method [Herculano-Houzel and Lent,
2005] to examine the number and density of neurons and
nonneurons in the primary visual cortex (V1/area 17) in
the laboratory Norway rat (Rattus norvegicus, noctur-
nal), wild-caught Norway rat (R. norvegicus, nocturnal)
and laboratory Nile grass rat (Arvicanthis niloticus).
These species afford two interesting comparisons. First,
they allow us to compare relatively closely related noctur-
nal and diurnal species: the Norway rat and Nile grass rat,
respectively (fig. 1). Most comparisons of nocturnal and
diurnal rodent cortical organization have been made be-
tween squirrels and mice or rats. While these compari-
sons are important, Muridae and Sciuridae rodents have
been evolving independently for about 70 million years
[Steppan et al., 2004; Roll et al., 2006; Huchon et al,,
2007]. On the other hand, Norway rats and Nile grass rats
are separated by approximately 10 million years [Chevret
et al., 1993]. Thus, these comparisons may better reveal
alterations to the nervous system due to the acquisition
of diurnal vision.

The second reason these comparisons are important is
because they allow us to compare the cellular organiza-
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tion in the same species (R. norvegicus, with some strain
differences) in laboratory versus wild-caught rats. The
laboratory rat was domesticated through mixtures be-
tween pet store rats and wild-caught Norway rats during
the 1880s. Since then, several stocks or strains of labora-
tory rats have been inbred or outbred for specific charac-
teristics, such as obesity or hypertension in the Zucker
strain or the multipurpose albino Sprague-Dawley strain.
We chose the Long-Evans rat because it is an outbred
strain with normal (black ‘hood’ on white body) pigmen-
tation and presumably with a visual system more similar
to that of the wild-caught Norway rat than the albino
strains. This strain was developed through the mixture
of Wistar strain females with wild-caught Norway rats in
1915 by Drs. Long and Evans.

Much is known about the visual system of laboratory
rats at all levels of processing. Although the visual system
has not been as extensively examined in the Nile grass rat,
differences in retinal composition and visual acuity be-
tween the two groups have been established. The Nile
grass rat has a retina composed of 30-40% cones and has
a visual acuity of 1.3 cycles per degree [Gaillard et al.,
2008, 2009]. In contrast, the laboratory Norway rat has a
retina composed of 1-3% cones and has a visual acuity of
=<0.54 cycles per degree [Douglas et al., 2005]. The Nile
grass rat has the same type of cone photoreceptors as oth-
er murine rodents; the M/L cones are maximally respon-
sive to 510 nm wavelength and shortwave length cones
are responsive in the UV range [Gilmour et al., 2008]. It
is possible that the acuity difference between these noc-
turnal and diurnal rat groups is due mainly to these reti-
nal differences, but there have been no comparisons at
higher levels of organization in these different groups of
rats.

Here, we compare the primary visual area, V1 or area
17, in these three species of rats in order to determine the
extent to which cellular composition is altered by diel pat-
tern and rearing condition. Specifically, we examine dif-
ferences in overall cortical area size, as well as neuronal
and nonneuronal cell number and density of cells in area
17. These comparisons will allow us to appreciate the re-
lationship between overall brain size, cortical field size
and cellular composition within a cortical field, and how
different levels of organization coevolve to generate dif-
ferences in sensory-driven behavior. Further this will al-
low a comparison between rats reared in a standard labo-
ratory environment with rats reared in enriched environ-
ments. Previous studies examining neuroplasticity due to
environmental enrichment have demonstrated changes
at all levels of organization from molecular to behavioral,
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including increases in brain-derived neurotrophic factor
and acetylcholinesterase [Rosenzweig, 1966; Cancedda et
al., 2004], smaller, nonoverlapping receptive fields and an
increase in the areal extent of the enriched receptor array
[Coq and Xerri, 1998]. In the visual cortex, cats reared in
enriched environments have a higher proportion of ori-
entation-selective cells [Beaulieu and Cynader, 1991] and
environmentally enriched mice a higher visual acuity
[Prusky et al., 2000] than mice and cats reared in impov-
erished environments. Thus, in addition to genetic fac-
tors that contribute to the establishment, composition
and plasticity of cortical areas, the sensory environment
in which an animal is reared plays a large role on the re-
sulting cortical organization and the behavior it gener-
ates [for cortical patterning review, see Krubitzer and
Kahn, 2003; for enrichment reviews, see Arai and Feig,
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2010; Baroncelli et al., 2010, and Diamond, 2001]. The
current study takes a novel approach to addressing these
issues by directly comparing the cellular composition in
two groups of species that have been reared in dramati-
cally different environments (natural versus laboratory),
and in two closely related species that have undergone
genetic modifications to the visual system associated
with nocturnality and diurnality, that have been reared
in a similar laboratory setting.

Materials and Methods

Twelve cortical hemispheres from 6 (3 female) Norway rats
(laboratory, R. norvegicus), 10 hemispheres from 5 (4 female) Nor-
way rats (wild-caught, R. norvegicus), and 13 hemispheres from 7
(2 female) Nile grass rats (A. niloticus) were used for histological
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Table 1. Weight comparisons for body, brain, area 17, and area 17 percentage of brain weight

Body mass, g Brain mass, g Areal7, g Area 17, % wt
Laboratory Norway rat 508.3£150.2 1.827£0.049 0.022£0.002 0.04£0.013
Wild-caught Norway rat 170.1+16.6 1.541 £0.053 0.018 £0.001 0.04 £0.009
Nile grass rat 104.3+9.3 0.872%+0.024 0.010£0.0004 0.04£0.005
Difference 5-fold 2-fold 2-fold no difference

comparisons. The Nile grass rat brains were shipped to our lab
from another lab and one hemisphere arrived with too much
damage for use in the study. For a complete listing of means for
body, brain and area 17 weights for each group, see table 1. Wild-
caught rats were visually inspected to ensure that there were no
injuries or deformities, particularly of the eyes, ears, paws and
whiskers. Regarding the correct classification of our wild-caught
rat group, several identifying features were examined in order to
categorize our specimens first as R. norvegicus and then as adults:
body/tail length ratio, body weight, fur color and texture, denti-
tion, bands per inch of tail as well as ecological factors observed
during trapping. Although we could not determine the age of the
wild-caught animals, their weights and size indicated that they
were adults. Specifically, rats are sexually mature by 3-4 months
of age and although we cannot know the age of our wild rats, stud-
ies have been done to correlate sexual maturity with weight. In a
study on the sexual maturity of the wild rat [R. norvegicus; Perry,
1946], the presence and number of corpora lutea were used to
identify the weight at which female rats are sexually mature and
it was observed that 50% of rats had corpora lutea at 150 g. An-
other study examining the differences between city and farm rats
found that 50% of rats were sexually mature using vaginal perfo-
ration as the measure at 88 g for farm rats and 105 g for city rats
[Davis, 1947]. As 4 of 5 of our wild-caught rats were females with
an average weight of 170 g, we concluded that they were adults.
Norway rats (laboratory) ranged from 9 to 12 months in age and
Nile grass rats ranged from 11 to 17 months in age. All procedures
were approved by the Internal Animal Care and Use Committee
(IACUC) and conformed to NIH guidelines.

Histological Processing for Cell Composition

Animals were euthanized with a lethal dose of sodium pento-
barbital (250 mg/kg) and perfused transcardially with 0.9% sa-
line, followed by 3% paraformaldehyde (2% paraformaldehyde
was used for the Nile grass rats) in 0.1 M phosphate buffer (pH 7.4).
After fixation, the brain was extracted from the skull, the hemi-
spheres were separated from the subcortical structures, the me-
dial wall was reflected and then the entire hemisphere was flat-
tened between two glass slides for 24-48 h. Once sufficiently flat-
tened, the hemisphere was placed on a light box, and area 17 was
visualized and dissected from the cortical sheet (fig. 2a-c). The
dissected piece of cortex was photographed and weighed.

Dissected area 17 pieces were stored in 0.1 M phosphate buffer
until the time of processing. The isotropic fractionator method
has been previously described in detail in Herculano-Houzel and
Lent [2005]. Briefly, the dissected area 17 piece was placed in a
Petri dish and finely chopped using a scalpel and then transferred
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to a glass Tenbroeck tissue grinder or potter. The tissue sample was
then ground up with a small amount of dissociation fluid (sodium
citrate, Triton X-100 and distilled water) until a suspension with
no visible clumps was formed. The homogenate containing cellu-
lar nuclei was then transferred into 15-ml Falcon tubes for further
processing. Processing for the visualization of total nuclei was per-
formed using 4',6-diamidino-2-phenylindole (DAPI; Invitrogen),
a DNA stain that labels all cellular nuclei regardless of cell type,
and anti-NeuN antibody (MAB 377; Millipore) that specifically
labels neuronal nuclei that express neuronal nuclear antigen.

Although the isotropic fractionator method is relatively new,
the individual techniques and equipment are not and compare
well with older methods. Production of suspensions from fixed or
fresh tissue samples using glass homogenizers identical to those
used in the isotropic fractionator method are commonplace in
many areas of science, including neuroscience, since the 1960s,
and have generally been used by those investigating more molec-
ular-oriented questions [e.g. Lovtrup-Rein and McEwen, 1966].
There is no evidence that nuclei are lost in the grinding process.
Estimates of neuron numbers in the cortex of macaque monkeys
using the isotropic fractionator method [e.g. Collins et al., 2010]
are not significantly different from those estimated using the ste-
reological optical fractionator method [Christensen et al., 2007].
Furthermore, based on rigorous testing, the World Health Orga-
nization specifically recommends the Neubauer chamber [WHO,
1999], the type of hemocytometer used in our study, for analysis
of semen samples in fertility diagnoses. It has been tested against
other counting chambers, and has been found to produce the
most accurate and repeatable counts of the available hemocytom-
eters [e.g. Sukcharoen et al., 1994]. When tested against other he-
mocytometers using the classic limits of agreement analysis
method published by Bland and Altman [1986], the Neubauer
chamber is rated as highly accurate in comparison to other cham-
bers designed for the same purpose [e.g. Mahmoud et al., 1997].
All of these tests validating the counting methods for cells sus-
pended in fluids predate the publication of the isotropic fraction-
ator paper [Herculano-Houzel and Lent, 2005].

Counting of Nuclei and Data Analysis

The suspensions of nuclei were vortexed and 10-ul aliquots
were loaded into a Neubauer cell-counting chamber (Optik La-
bor) and placed on a fluorescence microscope for visualization
and counting of nuclei (fig. 2d-f). Standard stereological proto-
cols were used [Mouton, 2002]. Estimates of total nuclei were de-
rived from nucleus counts from 16 squares of the Neubauer cham-
ber using the following calculation: total nuclei = [sum from 16
squares/16+(6.25 X 10%)] X (total suspension volume). In the
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Fig. 2. Methods of the isotropic fraction-
ator process. a Flattened cortical section
stained for myelin to be used as reference
for visualizing cortical area 17. Dotted
lines denote primary areas. b Flattened
cortical hemisphere with the medial wall
reflected out is visualized on a light box.
This back illumination allows the myelin-
ation pattern of the primary areas to be
easily revealed. c Flattened cortical hemi-
sphere on light box with area 17 dissected
out. d Neubauer chamber grid used for
counting cell nuclei. Boxes denote thearea
used for counting cell nuclei. A total of 16
boxes were counted for each specimen.
Red lines denote the box edges excluded in
counting and green lines denote box edges
included in counting. e Digital images of
Neubauer grid with DAPI-stained nuclei
(blue) under UV illumination. White and
green circles highlight two sets of nuclei.
f Digital image of Neubauer grid with
NeuN-stained nuclei under fluorescent
red illumination. White circles highlight
neuronal nuclei that can be visualized in
both e and f, while the green circle high-
lights the area in which nuclei were visual-
ized only with DAPI under UV illumina-
tion. These nuclei would be classified as
nonneuronal. Colors refer to the online
version only. C

above calculation, 6.25 X 10%is the area of the squares multiplied
by the volume of the squares. To estimate the percent of neurons
in the sample, aliquots from the suspensions were immunocyto-
chemically stained for anti-NeuN, and then at least 500 cells were
evaluated for the presence or absence of the NeuN label. Groups
of cells were first counted under UV illumination (all nuclei
stained by DAPI; fig. 2e) and then the same groups were counted
under red fluorescent illumination (neuronal nuclei stained by
anti-NeuN; fig. 2f), yielding an estimate of the ratio of neuronal
nuclei to total nuclei. From this estimate, the total number of neu-
rons can be calculated using the following: total neurons = frac-
tion of NeuN-positive nuclei X total DAPI-stained nuclei. The
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neuron density was calculated by the weight of the tissue sample
as follows: neuron density = number of neurons/weight of struc-
ture.

Paired t tests were used to determine size and weight differ-
ences within a species between the left and right hemisphere piec-
es of area 17. No significant differences were found in area 17 be-
tween left and right hemispheres, prompting the combination of
data from both hemispheres in further comparisons. F tests were
used to examine differences in cortical field sizes between species.
Significant F tests (o < 0.05) were followed up by Tukey’s HSD
test in order to assess which groups were significantly different
(table 2).
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Table 2. F test, p values, group differences

F Significance ~ Group differences (Tukey’s HSD)

Total cells (2,25) 12.141 <0.001 Land W >G
Total neurons (2,25) 13.92 <0.001 Land W>G
Total nonneurons (2, 25) 10.366 0.001 Land W>G
Nonneuron to neuron ratio (2,25) 9.315 0.001 L>Wand G
Percent neurons (2,25) 253,512 <0.001 L<W<G

Neuron density (2, 25) 15.99 <0.001 L<W>G

Nonneuron density (2,25) 4.261 0.026 Land W>G
Brain to body ratio (2,12) 62.99 <0.001 L<Wand G

L = Laboratory Norway rats; W = wild-caught Norway rats; G = Nile grass rats.

Areal Border Tissue Processing, Reconstruction and

Data Analysis

Animals were euthanized with a lethal dose of sodium pento-
barbital (250 mg/kg) and perfused transcardially with 0.9% sa-
line, followed by 3% paraformaldehyde (2% paraformaldehyde
was used for the Nile grass rats) in 0.1 M phosphate buffer (pH 7.4).
After fixation, cortex was separated from subcortical structures,
flattened and immersed in 30% sucrose overnight and sectioned
on a freezing microtome tangential to the cortical surface at a 40-
wm thickness. This preparation allows the overall organization
and positions of fields relative to each other to be determined. Al-
though areal size data for the Norway rat groups are from a previ-
ous study [Campi and Krubitzer, 2010], the tissue was processed
in the same manner as the Nile grass rat group.

Alternate series of cortical sections were reacted for myelin
[Gallyas, 1979; Fang et al., 2005; Padberg et al., 2005; Campi et al.,
2007] and for cytochrome oxidase (CO) [Carroll and Wong-Riley,
1984]. As these histological procedures have been described pre-
viously, we will only briefly describe them here. Cortical sections
were split into two series: myelin and CO. The series reacted for
myelin were placed in 5% formalin for 1 week and then trans-
ferred to distilled water overnight before processing using the
method of Gallyas [1979]. Sections were transferred into a pyri-
dine/acetic anhydride solution before the flattening procedure in
distilled water. Next, sections were immersed in silver nitrate so-
lution for 1 h before the developing step, which included several
solutions (silver nitrate, ammonium nitrate, sodium carbonate
and formalin). The final steps include washes in sodium thiosul-
fate and distilled water before mounting. The CO series was im-
mediately processed after cutting. Sections were rinsed 3 times for
5 min in phosphate-buffered saline (PBS) and then transferred
into a 3,3’-diaminobenzidine solution including cytochrome C,
catalase, and PBS for 1-2 h. Sections were then rinsed 3 times in
PBS before mounting.

Architectonic boundaries of the entire series of sections
stained for myelin and CO were drawn using a camera lucida (Ste-
mi SV6; Zeiss) or a projection microscope (Zeiss). The largest sec-
tion from each hemisphere was selected for the outline for the
final composite. Blood vessels and tissue artifacts were used to
align individual sections during reconstruction. Boundaries for
cortical areas were drawn by successive combination of cortical
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boundaries from individual sections throughout the entire series
of sections into a final summary display. One section may not en-
compass the entirety of all cortical sensory areas due to minor
differences across brains from the flattening and cutting process.
Borders for the primary somatosensory area (S1), primary audi-
tory area (Al), anterior auditory field (AAF), temporal anterior
area and primary visual area (area 17) were drawn. These fields
were chosen because they could be reliably and accurately identi-
fied in all of our animals (fig. 3).

Cortical area size measurements were derived using areal
boundaries drawn in Adobe Illustrator from scanned summary
displays. To normalize the data for comparison, the size of a par-
ticular cortical field was expressed as a percentage of the entire
dorsolateral surface of the cortex. The dorsolateral surface of the
cortex did not include the piriform cortex, olfactory bulbs or me-
dial wall of the cortex.

Paired t tests were used to look for size differences between the
left and right hemispheres. No significant difference between
field sizes in left and right hemispheres was found so the data from
both hemispheres were combined in further comparisons. Data
sets for the Norway rat groups were taken from Campi and Kru-
bitzer [2010]. F tests were used to examine differences in cortical
field sizes between species. Significant F tests (o < 0.05) were fol-
lowed up by Tukey’s HSD test in order to assess which groups were
significantly different (table 2). Regression analyses were done for
the primary cortical areas as a function of neocortical area for the
rat data from this experiment and for data from a previous ex-
periment on California ground squirrels and Eastern gray squir-
rels [Campi and Krubitzer, 2010]. Minimal alterations were made
in the brightness and contrast of all photomicrographs prepared
in either Adobe Photoshop or Illustrator.

To determine whether differences in the size of cortical fields
were simply due to allometry, as has been hypothesized in previ-
ous studies [e.g. Finlay and Darlington, 1995; Kaskan et al., 2005],
we made calculations using the regression slopes provided by
Kaskan et al. and our own data. Briefly, the regression slopes were
used to calculate the predicted size and percentage of cortex de-
voted to a specific cortical area for each group based on the aver-
age neocortical sheet size for each group. Predictions for the size
of each cortical area based on allometry were made using these
calculations.
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Results

The overarching goal of these experiments was to
compare the cellular composition of area 17/V1 in three
rodent groups using a new technique, isotropic fraction-
ation. However, we were also interested in obtaining data
on overall brain size and cortical area size in the Nile
grass rat, to compare to data previously collected for
wild-caught and laboratory reared Norway rats [Campi
and Krubitzer, 2010]. Below, we first briefly describe the
architectonic appearance of primary sensory areas in all
three species and the areal dimensions of the primary
sensory areas. We then describe differences in body and
brain weight, cortical field size and cellular composition
of area 17 in all three groups of rats.

Architectonic Appearance and Size of Primary

Sensory Cortical Areas

Primary sensory areas contain a complete representa-
tion of the sensory receptor array for a specific modality
(sense), have a highly myelinated layer IIlc, a densely cell-
packedlayerIV,and connections with modality (sensory)-
specific thalamic nuclei and other cortical areas. The de-
gree of myelination was used to delineate cortical field
boundaries (fig. 3). The relationship between architec-
tonic boundaries and functionally defined cortical fields
has been described previously for visual, somatosensory
and auditory cortex in Long-Evans laboratory Norway
rats [Adams and Forrester, 1968; Espinoza and Thomas,
1983; Malach, 1989; Roger and Arnault, 1989; Coogan
and Burkhalter, 1993; Rumberger et al., 2001; Remple et
al., 2003]. See table 3 for primary area means for each rat
group. Further, in a recent study [Campi and Krubitzer,
2010], we have described in detail the architectonic ap-
pearance of sensory areas in both the laboratory Norway
rat (Long-Evans) and the wild-caught Norway rat.

Primary Visual Area — Area 17

Brodmann’s area 17 is coextensive with the function-
ally defined primary visual area (V1), is located caudo-
medially in the occipital pole and is easily delineated us-
ing a myelin stain as it is heavily myelinated and thus
stains more darkly than surrounding areas (fig. 3). In all
three rat groups, area 17 is a darkly myelinated wedge-
shaped area that is homogeneous in appearance. Mea-
surements of area 17 indicate that the mean proportion
of dorsolateral cortex occupied by area 17 in the Nile
grass rat is significantly larger (8.15 = 0.23%; mean *
SEM) than both that of the laboratory Norway rat (7.91
* 0.32%) and the wild-caught rat (7.85 * 0.31%), which
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are not statistically significantly different from each oth-
er [Campi and Krubitzer, 2010]. The direction of differ-
ence here is in direct contrast to predictions of V1 size
based on allometric scaling from the regression statistics
in Kaskan et al. [2005], which would predict 9% of cortex
devoted to V1 in the Norway rat groups and 8% in the
Nile grass rat group (see below).

Primary Somatosensory Area — S1

The primary somatosensory area, S1 or area 3b, was
similar in appearance in all animals examined. SI is a
large, irregularly shaped darkly myelinated area that is
interspersed with lightly myelinated bands (fig. 3). In rats,
this area contains the highly recognizable anatomically
specialized ‘barrel’ cortex [Woolsey and Van der Loos,
1970; Welker, 1971; Woolsey et al., 1975]. S1 has a rough-
ly similar shape in all three rodents that we examined: it
is narrow at its medial pole and widens through the mid-
dle and lateral edge. The medial portion of S1 is roughly
one half to one third of the rostral to caudal width of the
lateral portion. Each species showed a different percent-
age of dorsolateral cortex occupied by S1, and these dif-
ferences all reached statistical significance (table 2). Lab-
oratory-reared Norway rats had the largest percentage
(28.05 % 0.53%), followed by the wild-caught Norway rat
(25.44 * 0.83%), and the Nile grass rat, with the smallest
percentage of cortex devoted to S1 (19.80 % 0.82%). The
direction of difference here is in direct contrast to predic-
tions of SI size based on allometric scaling from the re-
gression statistics in Kaskan et al. [2005], which would
predict 11% of cortex devoted to Sl in the Norway rat
groups and 13% in the Nile grass rat group (see below).

Core Auditory Cortex

The core auditory region in rodents generally contains
two auditory fields with mirror representations of the spe-
cies-specific auditory frequency range: the primary audi-
tory area, Al and the anterior auditory field, AAF. In the
present study, we could readily identify a darkly myelin-
ated oval-shaped core auditory area caudal to more light-
ly myelinated S2/PV in all species (fig. 3). Al and AAF are
not distinguishable based on myeloarchitecture and are
considered here in aggregate as A1 + AAF. Measurements
of A1 + AAF indicate that the mean proportion of dorso-
lateral cortex occupied by Al + AAF in the laboratory
Norway rat (4.41 £ 0.25%) is significantly smaller than
that of the Nile grass rat (5.78 * 0.47%). However, the
relative areas of A1 + AAF in both laboratory rat groups
are statistically significantly larger than that of the wild-
caught Norway rat (3.24 * 0.26%). The direction of dif-
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Norway rat (laboratory)

Fig. 3. Myeloarchitecture (left column) and CO reactivity (right
column) in flattened cortical sections. Although the entire series
of sections are examined, the digital images are of a single section
for each stain from each rat group. a and b are from the labora-
tory Norway laboratory rat, ¢ and d are from the wild-caught

Norway rat, and e and f are from the laboratory Nile grass rat. In
all of these sections, area 17, A1 + AAF, and Sl can be readily
identified. Data for the Norway groups come from Campi and
Krubitzer [2010]. Rostral is to the left and medial is to the top.
Scale bar = 1 mm.

Table 3. Primary area measurement as
mean percentage of dorsal cortex

V1 Al + AAF S1
Norway rat (laboratory) 7.91+0.32 441%0.25 28.05+0.53
Norway rat (wild-caught) 7.85%0.31 3.24%0.26 25.44+0.83
Nile grass rat (laboratory) 8.15%+0.23 5.78 £0.47 19.80 £0.82
Brain Behav Evol 2011;77:116-130 123
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ference here is in direct contrast to predictions of Al +
AAF size based on allometric scaling from the regression
statistics in Kaskan et al. [2005], which would predict 2%
of cortex devoted to A1 + AAF in the Norway rat groups
and 3% in the Nile grass rat group (see below).

Taken together, our data demonstrate that the mean
percentage of cortex devoted to visual area 17 is signifi-
cantly larger in the diurnal rat group than in nocturnal
rat groups. On the other hand, the mean percentage of
cortex devoted to somatosensory areas is significantly
larger in the nocturnal rodents than in the diurnal ro-
dent. Furthermore, the mean percentage of cortex devot-
ed to the primary auditory cortex is significantly larger
in the laboratory rat groups than in the wild-caught rat

group.

Body, Brain, Cortex and Area 17 Weights

The Norway rat (laboratory and wild-caught) groups
have a two-fold larger mean body weight, brain weight
and area 17 weight compared to the Nile grass rat group
means, and these differences are significant (see table 1
for means and table 2 for F and p values). Specifically, the
laboratory Norway rat group body weight mean (508.3 *
150.2 g) is significantly greater than the wild-caught Nor-
way rat group mean (170.1 * 16.6 g), which is signifi-
cantly greater than the laboratory Nile grass rat group
mean (104.3 = 9.3 g) for body weight. The laboratory
Norway rat group brain weight mean (1.83 £ 0.05 g) is
similar to the mean brain weight of the wild-caught Nor-
way rat group (1.54 £ 0.05 g), both of which are signifi-
cantly greater than the mean brain weight of the Nile
grass rat group (0.87 * 0.02 g). The laboratory Norway
rat group cortex weight mean (1.01 + 0.06 g) is similar to
the mean cortex weight of the wild-caught Norway rat
group (0.95 * 0.02 g), both of which are significantly
greater than the mean cortex weight of the Nile grass rat
group (0.50 £ 0.01 g). The laboratory Norway rat group
area 17 weight mean (0.022 £ 0.002 g) is significantly
greater than the wild-caught Norway rat group mean
(0.018 %= 0.001 g), which is significantly greater than the
laboratory Nile grass rat group mean (0.010 = 0.0004 g)
for area 17 weight. Further, all three groups have a mean
of 4% of the cortex (measured by weight) devoted to area
17. Thus, the weight of area 17 scales linearly with the
weight of the cortex in all three groups. This is in accor-
dance with a previous study comparing specific brain
area weights in 6 rat strains that demonstrated a similar
percentage (7-8%) of cortical weight devoted to visual ar-
eas across all strains regardless of body and brain weight
differences [Bennett et al., 1966].
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Cellular Composition of Area 17

The Norway rat groups, which have larger brains and
a larger area 17 by weight, also have significantly larger
numbers of total cells, neurons, and nonneurons in area
17 compared to the Nile grass rats (see table 1 and fig. 4
for means and online suppl. table 3, for all supplementa-
ry material, see www.karger.com/doi/10.1159/000324862
for individual cases). The differences in total cells, neu-
rons, and nonneurons in area 17 are about two-fold. Spe-
cifically, the laboratory Norway rat group mean total cells
in millions (2.01 * 0.18) is similar to the mean of the
wild-caught Norway rat group (2.09 = 0.19), both of
which are significantly greater than the mean of the Nile
grass rat group (0.81 £ 0.04). The mean total neurons in
millions for the laboratory Norway rat group (0.85 *
0.06) is similar to the mean of the wild-caught Norway
group (1.02 = 0.09), both of which are significantly great-
er than the mean of the Nile grass rat group (0.42 + 0.03).
However, the estimated nonneuron to neuron ratio is sig-
nificantly larger in the laboratory Norway rat group (1.38
* 0.08) compared to both the wild Norway rat group
(1.04 £ 0.06) and the Nile grass rat group (0.92 + 0.03).

The mean percentage of neurons among total cells in
area 17 is significantly larger in the Nile grass rat (52 *
0.77%) compared to the wild Norway rat (49 * 1.54%),
which is significantly larger compared to the laboratory
Norway rat (43 * 1.44%; fig. 5). The wild-caught Norway
rats have a significantly larger mean density of neurons
(in thousands) per milligram of tissue (53 * 5) compared
to the laboratory Norway rats (39 * 5) and the Nile grass
rats (41 £ 3). The Nile grass rats have significantly small-
er estimates of mean density in thousands of nonneurons
per milligram of tissue (38 * 2) compared to both labo-
ratory Norway rats (53 £ 5) and wild-caught Norway rats
(60 + 4).

Interestingly, when we looked at the brain to body
weight percentage, the mean for the Nile grass rat group
(0.86 £ 0.09%) was similar to the mean of the wild-
caught rat group (0.93 £ 0.07%) and both were signifi-
cantly larger compared to the mean of the laboratory
Norway rat group (0.34 £ 0.04%; fig. 5). The wild-caught
Norway rat group has a significantly larger mean en-
cephalization quotient (EQ; 1.28 £ 0.08) compared to the
Nile grass rat group (1.05 * 0.09), which is larger com-
pared to the laboratory Norway rat group (0.62 % 0.05).

Norway rat groups have significantly greater numbers
of total cells, total neurons and total nonneurons in area
17 as well as a significantly larger area 17 by weight com-
pared to the Nile grass rat group. The mean percentage of
neurons in area 17 concurred with previous results [Her-
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Fig. 5. Histograms showing the percent of neurons (a), the neuron
density (b) and nonneuronal density (c) in area 17 of each group,
brain to body weight % (d) and EQ (e). The x-axis for all histo-
grams shows the rat group, and the y-axis for histogram a is per-
cent, for histograms b and ¢ shows the estimated numbers of cells
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culano-Houzel et al., 2006] for brain size and percentage
of neurons in rodent brains in that the Nile grass rat, with
a smaller area 17 by weight, had the highest percentage
of neurons followed by the wild-caught Norway rat and
finally the laboratory Norway rat had the smallest per-
centage of neurons. The neuronal density in area 17 is as
expected for the two laboratory rats, with the smaller
brained Nile grass rat group having a higher neuronal
density compared with the larger-brained laboratory
Norway rat group. However, the significantly higher neu-
ronal density in the wild-caught Norway rat group com-
pared to both laboratory rat groups is in direct contrast to

Comparative Studies of Area 17 in
Rodents

expected brain weight to measured brain weight. It should be not-
ed that the laboratory Norway rat group used for d and e had two
very large rats (>725g) which would account for the slightly great-
er difference here between the laboratory and wild-caught Norway
rats compared to that in Campi and Krubitzer [2010]. The horizon-
tal line represents a ratio of 1. Conventions as in previous figure.

the allometric predictions. From these results, two pat-
terns emerge with differences in primary sensory area size
and cellular composition between wild-caught and labo-
ratory rat groups and between diurnal and nocturnal rat
groups. First, wild-caught rats have a significantly greater
density of neurons in area 17 compared to the laboratory
rats. The wild-caught rat group has a smaller percentage
of dorsal cortex devoted to core auditory cortex compared
to both of the laboratory rat groups. The wild-caught Nor-
way group has a significantly greater EQ compared to the
laboratory Norway rat group. Second, the diurnal rat
group has a larger percentage of cortex devoted to V1 and
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Fig.6. Cortical area scaling in Norway and Nile rat groups (a) and
California ground and Eastern gray squirrels (b) shown as log
primary areas V1, S1, A1 + AAF (rats) and Al + R (squirrels) re-
gressed on log neocortex size. It should be noted that in the rat
groups, S1 has the steepest slope compared with the squirrel
groups in which V1 has the steepest slope. The equations and
r? values are as follows: a V1 = 0.969x - 1.043, 12 = 0.827; S1 =

a smaller percentage of cortex devoted to S1 compared to
the nocturnal rat groups. However, as specified above, the
larger percentage of neurons in area 17 of the diurnal Nile
grass rat group are due more to brain size differences rath-
er than diel pattern. No other clear differences in cellular
composition were observed between the nocturnal and
diurnal rat groups. From these results, we conclude that
the brains of the same species reared in radically different
environments exhibit remarkable differences in cellular
composition. However, small strain differences may also
contribute to the cellular variation observed.

Expectations due to Allometry

In Kaskan et al. [2005], the linear relationship between
cortical area size and neocortical size was examined in a
meta-analysis using data from primates, monotremes,
rodents, marsupials, insectivores, bats and tree shrews. A
positive relationship between cortical area size and neo-
cortical size was demonstrated such that as the neocortex
enlarged so did primary cortical areas. In fact, V1 had the
steepest slope (1.086) compared with the slope for Al
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1.274x - 1.130, r* = 0.0860; Al = 0.332x - 0.107, r* = 0.096.
b V1 = 1.447x - 2.003, r> = 0.823; SI = 0.698x — 0.089, 1> = 0.453;
A1 =0.194x - 0.085, r* = -0.036. V1 individual points are depict-
ed by triangles and the slope is a solid line, S1 individual points
are depicted by squares and the slope is a long dashed line, and
Al individual points are depicted by circles and the slope is a
short dashed line.

(0.697) and for S1 (0.664). Using the regression line from
Kaskan et al., and the neocortex size from our data, V1 in
the Norway rats should be 9%, A1 should be 2%, and S1
should be 11% of the neocortical sheet and V1 in the Nile
grass rats should be 8%, A1l should be 3%, and S1 should
be 13% of the neocortical sheet. Our data do not match
these predictions (see below). Before delving into statisti-
cal differences, we would like to point out an example in
our raw data that illustrates the complicated relationship
between cortical area size and neocortical size. In the
Nile grass rat, the absolute size of the cortical sheet
is about one half that of the wild-caught Norway rat
(mean = 54.4 mm? for Nile grass rat and mean = 95.4
mm? for wild-caught Norway rats); yet Nile grass rats
have a larger A1 + AAF in absolute size as measured in
square millimeters (mean = 3.12 for Nile grass rat and
mean = 3.04 for wild-caught Norway rats). We calculated
the regression line for our data (log transformed) and
found that across rat groups, the steepest slope is ob-
served for S1 (1.274) compared with the slope for Al
(0.332) and for V1 (0.969; fig. 6a). However, we also cal-
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culated the regression line for our data from wild-caught
diurnal squirrels [Campi and Krubitzer, 2010] and found
that in squirrels the steepest slope is observed for V1
(1.447) compared with the slope for A1 (0.332) and for S1
(0.698; fig. 6b). Thus, our regression analysis is similar to
the results from our more straightforward percentage
measurements in our different rat groups.

Neuronal density and percentages have been previous-
ly shown to scale with rodent brain size such that as
brains get larger the density and percentage of neurons
decrease [Herculano-Houzel et al., 2006]. However, the
slopes are different in that the percentage of neurons
decrease more steeply as brain size increases (-0.223)
and neuronal density decreases less steeply (-0.475) in
the cortex [Herculano-Houzel et al., 2006]. From these
known values and brain size measurements, we would
predict that the Nile grass rats will have a larger percent-
age of neurons and a greater density of neurons compared
with the Norway rat groups. Our data on percentage of
neurons fit this prediction, but the data on neuron den-
sity do not.

Discussion

Our results demonstrate that the differences in the size
and cellular composition of cortical areas are beyond
what would be predicted based on allometry alone and
appear to have a consistent relationship with lifestyle and
peripheral morphology. As in a recent study in our labo-
ratory [Campi and Krubitzer, 2010], we observed that the
proportion of cortex devoted to V1, by an areal measure
of myeloarchitecture, is significantly greater in diurnal
compared to nocturnal rodents. However, there were no
clear cellular composition differences or differences in
the percentage of cortical volume (by weight) in area 17
between nocturnal and diurnal rats. This is particularly
interesting because of visual acuity differences between
the diurnal and nocturnal rat groups discussed in the in-
troduction. Nocturnal and diurnal rats have a different
photoreceptor complement and recent studies in which
changes in photoreceptor cells result in changes in behav-
ioral discrimination abilities in adult color-blind mon-
keys demonstrate the ability of a sensory system to be
coopted at the level of the receptor. This can happen first
with relatively quick (within the animal’s lifetime) down-
stream behavioral effects [Mancuso et al., 2009; Shapley,
2009]. Itis possible then that in a lineage such as rats (Mu-
ridae) that have a nocturnal ancestor, the diurnal group
has an anatomical change in the retina with commensu-
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rate physiological changes in the downstream structures
such as the thalamus and cortex that do not necessarily
translate into gross cellular composition changes. How-
ever, changes at other anatomical levels (molecular, spine
density or connections) may be revealed with further ex-
amination. In fact, previous examinations of differences
between nocturnal and diurnal mammals’ visual systems
demonstrate smaller receptive field sizes in V1 of diurnal
mammals, which are presumably the result of anatomical
differences at the cellular level [Hubel and Wiesel, 1968;
Allman and Kaas, 1971; Hall et al., 1971; Espinoza and
Thomas, 1983].

Because the Nile grass rats are laboratory reared, an-
other possibility is that the full effects of retinal altera-
tions may not be realized or may be negated as a result of
the relatively impoverished environment. Recently, met-
rics similar to EQ have been developed to compare the
number of neurons observed to the number of neurons
expected in a given piece of tissue based on either the
body or whole brain weight of the animal [Herculano-
Houzel, 2007]. For example, the somatic neuronal quo-
tient (SNQ) describes how the total number of neurons in
the brain or a brain structure deviates from the expected
for a rodent of a given body size and the encephalic neu-
ronal quotient (ENQ) for a rodent brain of a given size.
The wild Norway rat group has statistically greater ratios
on all metrics comparing the density of neurons and al-
lometric measures of neurons such as the SNQ and ENQ
(see online suppl. fig. 1 and table 1 for equations) of V1
compared to both laboratory rat groups. Presumably,
these differences in neuronal packing in combination
with spine density differences demonstrated in environ-
mental enrichment studies and cellular composition dif-
ferences between laboratory and wild rodents would af-
fect visual processing [Faherty et al., 2003; Kolb et al.,
2003; Gelfo et al., 2009]. However, interpretation of the
above ratios and EQ are difficult because these metrics
do not take into consideration the absolute size of the an-
imal brain and would therefore lead to similar cognitive
abilities being predicted for small and large animals with
similar EQs or SNQs. Herculano-Houzel [2007] suggests,
using a measure of total neuronal excess (or the absolute
number of neurons above that expected from body or
brain mass), as a measure of cognitive abilities which they
termed the neuronal index. Further, they predicted that
higher neuronal indices (somatic neuronal index, SNI,
and encephalic neuronal index, ENI; see online suppl.
fig. 1 and table 2) would better correlate with cognitive
abilities compared to EQ or SNQ. The present data could
be interpreted to support this hypothesis — at least in V1
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for visual abilities. If we compare only the two laboratory
rats (Norway and Nile grass rat groups) the diurnal Nile
grass rat group has a significantly greater mean SNI and
ENI for area 17 compared to the nocturnal Norway rat,
which could partially (in combination with retinal compo-
sition differences) account for the greater visual acuity in
this diurnal species compared to nocturnal Norway rats.
The neuronal density numbers we observed in our lab-
oratory rats are in good agreement with previous studies
on laboratory rats [Peters et al., 1985; Turner and Gree-
nough, 1985]. Previous studies on neuronal density in rats
in an enriched versus impoverished sensory environment
have reported mixed results in the cortex. Some have re-
ported higher neuronal densities of neurons in cortex in
isolated versus enriched rats [Diamond et al., 1966; Dia-
mond, 1967; Turner and Greenough, 1985] others have re-
ported no significant difference in neuronal density in
cortex between enriched and isolated rats [Diamond et al.,
1975; for review, see Diamond, 2001]. This is in direct con-
trast to our results demonstrating higher neuronal den-
sity in area 17 of wild-caught rats compared to laboratory
rats. However, several differences between our study and
these previous studies may account for this difference.
The greatest difference between our study and previous
studies is in the use of wild-caught rats as the comparison
(enriched) group. The environment of wild-caught rats is
enriched for all the senses, and they likely have access to
more and more varied visual stimuli than the classic ‘en-
riched’ laboratory rats. Sensory-deprivation studies have
demonstrated that specific sensory deprivation from birth
has an affect on the number of neurons in a specific sen-
sory area. For example, rats reared in the dark showed
greater apoptosis in areas 17, 18, 18« at postnatal day 21
[Papadopoulos and Michaloudi, 1999] and significantly
lower neuronal density in the lateral geniculate nucleus
compared with groups reared in standard light [Jameie et
al., 2010]. One can reason from these studies that environ-
mentally impoverished conditions from birth (i.e. stan-
dard laboratory environment) may result in greater apop-
tosis and therefore lower neuronal densities as adults com-
pared with wild rats that developed in highly enriched
natural conditions. Studies that reported lower densities
of neurons in enriched versus impoverished environment
rat groups started the manipulations after important crit-
ical periods (postnatal day 21) [for review, see Diamond,
2001]. It is likely that the underlying changes that occur in
the brain with enrichment (addition or subtraction of
neurons, glia and synapses or changes in soma/synapse
size) changes throughout a lifetime and are dependent
upon the time that the enrichment occurred. Taken to-
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gether, the data suggest that before naturally occurring
apoptosis, cell numbers increase with enrichment while
after apoptosis the size of cells and synapses are altered.

Presumably, these differences in neuronal packing in
combination with connectivity differences demonstrated
in environmental enrichment studies and cellular com-
position differences between laboratory and wild rodents
would affect information processing. Thus, laboratory
rodents must be considered highly altered neural models
of their wild counterparts. Environmental conditions al-
ter the molecular, cellular and functional operation of the
network in sometimes unexpected ways. The alterations
to the network generated through natural or enriched
rearing conditions may result in emergent properties that
would not exist in the simplified network of the labora-
tory animal.

Although the primary focus of our examination was
on the visual cortex of rats, areal measurements in audi-
tory and somatosensory cortex provide interesting data
on the relationship between cortical organization and en-
vironment and sensory morphology. Both laboratory-
reared rat groups (Norway and Nile grass rat) have sig-
nificantly greater amounts of cortex devoted to A1 + AAF
compared to the wild-caught Norway rat group. Further,
the diurnal Nile grass rat group has a significantly small-
er amount of cortex devoted to S1 compared to the noc-
turnal Norway rat groups. These findings are in good
agreement with our previous studies in squirrels and
wild-caught and laboratory rodents, but do not fit the ex-
pectations of cortical field size based on allometry. Fur-
thermore, comparing the regression slopes from our data
on both rat groups and squirrel groups (fig. 6) and regres-
sion slopes from Kaskan et al. [2005], from data across
several mammalian orders, it would appear that cortical
area scaling is dependent on the order of mammals ex-
amined and further dependent on the specific lineage.
For example, the regression slopes of Kaskan et al. under-
estimate the percentage of cortex devoted to S1 in both
the rat and squirrel groups by 8-10% and they underesti-
mate the percentage of cortex devoted to V1 in the diur-
nal squirrel groups while they overestimate the percent-
age of cortex devoted to V1 in the nocturnal rat groups.
Thus, other factors, including but not limited to sensory
and motor specializations associated with lifestyle also
appear to contribute to the amount of cortex devoted to
a specific cortical area.

The slope differences between our data and those of
Kaskan et al. [2005] may be explained by the combined
data from several (but not all) mammalian orders in the
former study, whereas our data are only from Rodentia.
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Further, the data in Kaskan et al. [2005] used to generate
these predictions were gathered from studies using a va-
riety of techniques including electrophysiology, cyto-
architectonics and neuroanatomy. Although these are
all valid techniques, functional and cytoarchitectural
boundaries do not always precisely coincide, and the rig-
or of data collection and analysis is different in different
studies. Thus, the discrepancy between our data and pre-
vious data on allometric scaling of areas could be due to
comparing cortical fields defined using different tech-
niques, in different laboratories with different criteria for
defining boundaries of cortical fields.

It should be noted that our data supporting a relation-
ship between cortical field size, neuronal density and
niche are supported by the specificity of cortical fields that
are changing and the direction of that change. The highly
visual, diurnal squirrel groups have a steeper slope for V1
scaling compared to the highly tactile, nocturnal rat
groups, which have a steeper slope for S1 scaling (fig. 6).
From these data we conclude that the size of cortical fields
can be altered based on environmental demands. It is pos-
sible that the restrictions on movement and lack of visual
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