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Abstract

Rodents are a major order of mammals that is highly diverse
in distribution and lifestyle. Five suborders, 34 families, and
2,277 species within this order occupy a number of different
niches and vary along several lifestyle dimensions such as
diel pattern (diurnal vs. nocturnal), terrain niche, and diet.
For example, the terrain niche of rodents includes arboreal,
aerial, terrestrial, semi-aquatic, burrowing, and rock dwell-
ing. Not surprisingly, the behaviors associated with particu-
lar lifestyles are also highly variable and thus the neocortex,
which generates these behaviors, has undergone corre-
sponding alterations across species. Studies of cortical orga-
nization in species that vary along several dimensions such
as terrain niche, diel pattern, and rearing conditions demon-
strate that the size and number of cortical fields can be high-
ly variable within this order. The internal organization of a
cortical field also reflects lifestyle differences between spe-
cies and exaggerates behaviorally relevant effectors such as
vibrissae, teeth, or lips. Finally, at a cellular level, neuronal
number and density varies for the same cortical field in dif-
ferent species and is even different for the same species
reared in different conditions (laboratory vs. wild-caught).

These very large differences across and within rodent spe-
cies indicate that there is no generic rodent model. Rather,
there are rodent models suited for specific questions regard-
ing the development, function, and evolution of the neo-

cortex. Copyright © 2011 S. Karger AG, Basel

Introduction

Rodents are the most widely used animal models for
studies of brain organization, function, development,
and evolution. Experiments on mice and rats account for
over 40% of all studies of the brain and neural function
[Manger et al., 2008]. Thus, it is not surprising that, from
an experimental standpoint, when we refer to rodent
models we almost inevitably think of mice or rats. In
many cases, at least with the current technologies, ex-
periments could not be done except in a species such as
the mouse with well-explored genetics and available
knockouts. In other experiments, however, mice and rats
may be poor choices or not the appropriate model. This
extreme bias in animal selection, especially for under-
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Abbreviations used in the figures

Visual areas

AL anterolateral area; part of 18a, see V2 (rat; fig. 8b)
AM anteromedial area; part of 18b (rat; fig. 8b)
L lateral area; lateral to V3 and ML; with ML, possibly

homologous to primate middle temporal area, MT

UF ultrasonic field (mouse; fig. 12a)
Vv ventral field (gerbil; fig. 12d)
VAF ventral auditory field (rat; fig. 12¢c)

VCB ventrocaudal belt (guinea pig; fig. 12b)
VP ventroposterior field (gerbil; fig. 12d)

(squirrel; fig. 8d) VRB ventrorostral belt (guinea pig; fig. 12b)
LI laterointermediate area; perhaps homologous to part of
V3 (rat; fig. 8b) Somatosensory areas
LL laterolateral area; perhaps homologous to part of V3 (rat; DZ dysgranular zone of S1; with TZ, possibly homologous to
fig. 8b) 3a (rat; fig. 16a)
LM lateromedial area; encompasses part or all of 18a, GZ granular zone; could be considered ‘S1 proper’ (rat;
homologous to V2 (rat; fig. 8b) fig. 16a)
ML middle lateral area; lateral to V3; with L, possibly PGZ perigranular zone of S1 (fig. 16a)
homologous to primate middle temporal area, MT Pm parietal medial area (fig. 19)
(squirrel; fig. 8d) PV parietal ventral area (fig. 18)
Ocl area occipitalis 1; Zilles’ term for area 17 (rat, mouse; R rostral field; rostral to S1; later termed 3a (squirrel, fig. 19)
o fig. 4) italis 2.1 Zilles ‘ . $1/SmI/SI  primary somatosensory area (fig. 17)
c2.1 ?rea4;)cc1p1ta is 2.1; Zilles’ term for area 18a (rat, mouse; $2/SmII/SII second somatosensory area (fig. 18)
& TZ transitional £ S1; with DZ, perhaps homol. t
OTc occipital temporal caudal area or V3 (squirrel; fig. 4, 10) 3??:;;?‘?; 126(;1;6 ofshiwi » perhaps homologous to
OTr occipital temporal rostral area or V3 (squirrel; fig. 4, 10) Uz unresponsive zone in S1; perhaps homologous to or part
PM posteromedial area; part of 18b (rat; fig. 8b) of 3a (rat, squirrel; fig. 17)
RM1-4 rostromedial areas 1-4; part of 18b (mouse)
Te2 area temporalis 2; Zilles’ term, similar to TP (fig. 4) Motor areas
Tm temporal mediodorsal region (squirrel; fig. 4) AGI later.al agranular cortex (rat, mouse; ﬁg. 22)
TP temporal posterior area; similar to Te2 (fig. 10) AGm me':dlal agranular cortex (rat, mouse; fig. 22)
V1 primary visual area; coextensive with area 17 (fig. 8, 10) M1/Msl primary motor cortex (ﬁg. 22) )
V2 second visual area; coextensive with area 18a (fig. 8, 10) M2 seFond motor area; possibly homologous/coextensive
V2M medial secondary visual area; part of 18b (mouse) with AGm; see a'lso SMA ) .
I . . . Prcl area praecentralis 1; with Prc 2, equivalent to AGI (fig. 4)
V3 third visual area (mice, squirrels; fig. 8a, d) . . .
o . . . . Prc2 area praecentralis 2; with Prc 1, equivalent to AGI (fig. 4)
Vm medial visual area; coextensive with 18/18b (hamster; B 3 )
fig. 8¢) Prc3 area praecentralis 3; with Prcm, equivalent to AGm
Vme medial visual area; caudal subdivision, part of 18b (mouse; (fig. 4) . . . )
fig. 8a) Prcm area praecentralis, medial; with Prc3, equivalent to AGm
Vmr medial visual area; rostral subdivision, part of 18b (mouse; (fig. 4) .
fig. 8a) RFA rostral forelimb area
SMA supplementary motor area; perhaps homologous with
Auditory areas rodent AGm (primates)
Al im: dit ea; with AAF/R, part of auditory ¢
I()é; 1a g anciiory area: Wi Part Otaudltony €€ Other cortical areas
A2/AII second auditory area (mouse, guinea pig; fig. 12a) F f.ront.al area; rostral to Ml (squirrel; .ﬁg. 4)_
AAF anterior auditory field, also termed R; with A1, part of L hmbl.c area; r ostromedlz.il to 17 (squirrel; fig. 4)
auditory core (mouse, rat, gerbil; fig. 12a, ¢, d) MM multimodal cortex (squirrel; fig. 10, 13, 21, 23)
AV anteroventral field (gerbil; fig. 12d) Pl parietal lateral area (squirrel; fig. 4)
D dorsal field (gerbil; fig. 12d) PPC posFerior parietal cortex, may be homologous to Pm in
DC dorsocaudal auditory area (guinea pig; fig. 12b) squirrels (rat; fig. 10, 13, 21, 23)
DCB dorsocaudal belt (guinea pig; fig. 12b) Thalamic nuclei
DP dorsoposterior field ggerbil., mouse; fig. 12a, d) LD lateral dorsal nucleus
DRB dorsor.ostral l?elt (guinea pig; fig. 12b) LGN lateral geniculate nucleus
PAF posterl “f’f fu%dltory lﬁeld (rat;l fig. 12¢) ith LP lateral posterior nucleus
R rostral fie d.’ rostral to Al,.a so termed AAF; with A1, Po posterior nucleus
part of a'ud1tor y core (squirrel; fig. 12f) Pom medial division of the posterior nucleus
SRAF suprarhinal auditory field (rat; fig. 12c) .
; . VP ventral posterior nucleus
TA temporal anterior area (fig. 12f)
Tai temporal anterior intermediate area (squirrel; fig. 12f) Other terms
Tav temporal anterior ventral area (squirrel; fig. 12f) ENQ encephalic neuronal quotient
Tel area temporalis 1; Zilles” term for area 41 and A1+AAF M medial
(fig. 4) R rostral
TI temporal intermediate area (squirrel; fig. 4) SNQ somatic neuronal quotient
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Opossum
Fig. 1. Evolutionary tree depicting the phy-

logenetic relationship of major orders of @
mammals and the cortical organization of

some of the sensory fields that have been
described in particular species. A compar-
ative analysis of the neocortex using a
combination of electrophysiological, ana-
tomical, and histochemical techniques al-
lows one to infer the organization of an
unknown mammal, such as the common
ancestor. If a number of species are com-
pared, one can be fairly confident when as-
signing features of cortical organization,
even in the absence of direct data. Certain
cortical regions, such as S1, S2, A1, V1, and
V2, are common to all mammals and most
likely are homologous areas that arose
from a common ancestor. All brains are
oriented so that rostral is left and medial
is up.
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standing fundamental concepts in evolution, is problem-
atic when one is trying to infer homologous or general-
ized features of organization versus derived features of
organization. For example, characteristics such as sen-
sory map organization or development of neural connec-
tions that have been gleaned from these commonly used
rodent models may in fact be derived features of murine
rodents and of little use for understanding other species.
This is complicated by the fact that the rodents that are
used as experimental models are normally reared in lab-
oratory conditions, a highly deprived environment which
has been demonstrated in environmental enrichment
studies to affect neurogenesis, gliogenesis, synapse num-
ber, and recovery from cortical injury [Mohammed et al.,
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2002; Faherty et al., 2003; Kolb et al., 2003; Komitova et
al., 2005; Steiner et al., 2006; Gelfo et al., 2009]. These de-
velopmental differences in environment could drastical-
ly affect the characteristic of interest.

Despite the lack of diversity of our experimental mod-
els, rodents are arguably the most diverse order of mam-
mals and diverged from the lineage leading to primates
some 80 million years ago (fig. 1). They are phylogeneti-
cally closer to primates than other eutherian orders such
as carnivores, Chiroptera (bats), and Eulipotyphla (com-
prising most of what was formerly known as ‘Insectivo-
ra’). The rodent order is composed of 5 suborders, 34 fam-
ilies, and 2,277 species, or 40% of all mammalian species.
These species vary along a variety of dimensions includ-

Brain Behav Evol 3



Flying squirrel

Fig. 2. Line drawings of representative ro-
dent species depicting the extraordinary
diversity in physical morphology in the or-
der Rodentia. Although not drawn to
scale, it should be noted that the pygmy
jerboa weighs only a few grams while the
beaver weighs between 18 and 27 kg. Spe-
cialized morphologies of note are the pata-
gium (furry membrane stretching be-
tween fore limb and hind limb) in the fly-
ing squirrel, the elongated hind limbs in
the springhare and pygmy jerboa, the
broad fleshy tail and webbed hind feet of
the beaver, and the elongated ears of the
springhare and tufted ears of the red squir-
rel. In addition, the characteristics of fur
vary, with different adaptations for semi-
aquatic environments such as that of the
beaver and for desert conditions that are
home to the jerboa.
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ing body size, peripheral morphology, relative brain size,
diel pattern, terrain niche, diet, and sociality (fig. 2, 3).
Body size ranges from a few grams for the pygmy jerboa
to 65 kg for the capybara, rivaling differences in primates.
Terrain niche varies from the subterranean Argentine tu-
co-tuco (Ctenomys talarum) to the aerial flying squirrels
of the genus Glaucomys. Because of these extraordinary
variations, rodents provide a wonderful opportunity to
compare very specific aspects of neural organization as
they relate to alterations in peripheral morphology, sen-
sory specialization, and behavior.

The common ancestor of all rodents was present ap-
proximately 80 million years ago [Huchon et al., 2002,

4 Brain Behav Evol

2007; Steppan et al., 2004], and since that time rodents
have diverged to occupy a variety of niches. The variation
in several dimensions of lifestyle, such as diel pattern, of-
ten evolved independently in several different suborders
and even families (fig. 3a). For example, starting with a
nocturnal common ancestor, diurnality evolved inde-
pendently in the family Sciuridae and in some species in
Muridae, Cavidae, Ctenodactylidae, and Chinchillidae.
Comparisons of sensory morphology, behavior, and vi-
sual system organization in tree squirrels, Nile grass rats,
and guinea pigs, for example, could reveal if and how the
ancestral organization shared by all rodents is modified
for diurnal vision. In fact, differences in retinal morphol-
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Comparisons

Present Day Diurnal/ Arboreal/

) nocturnal  terrestrial
mountain beaver

a Diel Pattern tree squirrel

flying squirrel
Southeast Asian squirrels

long-clawed ground squirrel
bush squirrel

ground squirrel [ ]

rock squirrel

scaly-tailed flying squirrel

beaver

pocket gopher
Nile grass rats [ ]
Common rats - -
Ancestor gundis
Old World porcupines
African mole rats
Diurnal
I Nocturnal spiney rat
g Both ) ;
guinea pig
New World porcupine
chinchilla
b Terrain Niche c Rearing Conditions
Present Day
Present Day

mountain beaver

tree squirrel i
Nile grass rat
flying squirrel

Southeast Asian squirrels Nile grass rat

African ground squirrel Norway rat
bush squirrel
ground squirrel Norway rat

rock squirrel

m  Wwild
I Laboratory reared

I Terrestrial

Arboreal
I Rocks and cliff dwelling
I Aerial

Wild/
lab reared

Fig. 3. Phylogenetic tree of the order Rodentia with representative individuals of different families listed with
specific comparisons of diel pattern across the entire order (a), terrain niche of Sciuridae (b), and rearing con-
dition of Muridae (c). Specific comparisons made in this review are listed on the right of a and color-coded for
diel pattern, terrain niche, and rearing condition. Numbers at branch points in the tree are reference time in

millions of years ago from the present [modified from Huchon et al., 2002, 2007; Steppan et al., 2004].
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ogy, lateral geniculate nucleus organization, and visual
cortex have been identified and related to diurnal life-
styles [e.g. Van Hooser and Nelson, 2006; Gaillard et al.,
2008, 2009; Rocha et al., 2009; for review see Solovei et al.,
2009]. Interestingly, relatively closely related species in the
Sciuridae family, while sharing a common diurnal life-
style, can differ dramatically in other dimensions such as
terrain niche (fig. 3b), and these differences further influ-
ence brain organization. For example, squirrels are ter-
restrial (California ground squirrel and African ground
squirrel), arboreal (tree squirrel), rock and cliff dwelling
(rock squirrel), and even aerial (flying squirrel). Thus, one
would expect modifications in motor cortex due to the
physical demands of flight versus climbing, in auditory
cortex due to the acoustic context of a subterranean versus
high-altitude environment, and in visual cortex due to se-
lection for depth perception for navigation through trees
in arboreal versus terrestrial habitats.

Given their diversity and range of specializations,
several important comparisons are possible within and
across rodent groups. These can illuminate the basic
brain organization, constraints imposed on evolving sys-
tems, and the types of modifications that have been made
to the nervous system that relate to a particular lifestyle
and subserve unique behaviors. For example, one can
compare the brain organization of species from different
suborders and families of rodents to determine which
features of organization are common to all rodents due to
inheritance from their common ancestor (homology).
One can also compare distantly related species that have
independently evolved some sensory/lifestyle specializa-
tions such as diel pattern (fig. 3a) to determine if and how
this basic plan has been modified and if modifications
take a similar form (homoplasy) despite independent
evolution. This could help reveal what constraints are im-
posed on evolving systems, possibly due to latent homol-
ogies. Comparisons could also be made between relative-
ly closely related species that have divergent lifestyles,
such as terrain niche, and the sensory specializations as-
sociated with the demands of that niche (fig. 3b). This
type of comparison would reveal how rapidly the brain
can be altered within a lineage, the type and amplitude of
change that generates phenotypic differences, and the
level of organization at which the change takes place. Fi-
nally, one can compare the same species that have been
exposed to radically different rearing conditions, such as
wild-caught versus laboratory rodents (fig. 3¢), to deter-
mine the extent to which the sensory environment pres-
ent during development contributes to aspects of the cor-
tical phenotype.

6 Brain Behav Evol

In the following review we focus on rodent neocor-
tex, making the types of comparisons described above,
and discuss differences in cortical organization in the
context of lifestyle. First, we compare global features of
cortical organization such as the size of sensory areas in
several species of rodents. Second, we compare the or-
ganization and cellular composition of visual cortex in
rodents. Third, we compare auditory cortex in relation
to acoustic demands of particular physical and social
environments, and finally we describe the organization
of somatosensory and motor cortex in a variety of ro-
dents. This review focuses on the architectonic and
functional organization of cortical fields in normal
(non-experimental) animals as revealed by cyto- and
myeloarchitecture and other histological preparations
as well as electrophysiological recording or intracorti-
cal microstimulation techniques. A comprehensive de-
scription of cortical and thalamic connections in ro-
dents is well beyond the scope of this review, but some
studies of connections will be described because they
reveal aspects of cortical organization that are conten-
tious in rodents. While we describe data from multiple
laboratories and have tried to capture different schemes
of rodent cortical organization, our review is not ex-
haustive. We spend more time on what we consider the
strongest data, which is the foundation for our proposals
of how cortex is organized within and across different
rodent species.

A Note on Terminology

One of the most difficult aspects of writing a cumula-
tive review on rodent neocortex is not only how one de-
fines a cortical field but also how the field is named. A
cortical field is defined using a variety of criteria includ-
ing architectonic appearance, functional organization,
and connectivity. Defining a cortical field is best done
when multiple criteria are used, but frequently only a sin-
gle criterion, such as cortical architecture, is utilized. De-
lineating cortical fields necessarily involves naming them
to distinguish them from other fields and allows for com-
munication regarding a very specific piece of cortical tis-
sue across laboratories, animals, and time. Early studies
of rodent cortex, such as those of Brodmann [1909], used
cytoarchitecture to define regions within the cortex, and
thus cortical areas have architectonic names such as
Brodmann’s area 17, 18, and 3. Subsequent studies used
electrophysiological recording techniques to explore the
neocortex and found that there were a number of maps of
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the sensory epithelium. These functional fields were giv-
en names such as the primary somatosensory area, SI, or
primary visual area, VI. In a number of instances, archi-
tectonically defined cortical areas were found to be coex-
tensive with functional areas and, consequently, the ter-
minology is often used interchangeably (the primary vi-
sual area is V1 or area 17). This is complicated by the fact
that sometimes the same field is termed differently in the
same animals even though the same technique may have
been used to identify the same architectonic area, e.g.
Ocl, striate cortex, or area 17, or the same functional area,
e.g.SI, Sml, or S1. Unfortunately, this makes comparisons
between the same species, between different species,
between laboratories, and over time very complicated.
Throughout this review we have re-illustrated the pri-
mary data of a number of investigators and have used the
terminology that they have coined. However, there are a
number of summary diagrams throughout this review.
For these figures we have consolidated the data and use
consistent terminology.

Gross Organization of the Sensory Neocortex in
Rodents

All behavior is generated by the nervous system, and
in mammals complex behavior such as volitional motor
control, perception, and cognition is subserved by the
neocortex. Thus, the neocortex has been altered in differ-
ent lineages to generate these complex behaviors. While
some argue that these differences in the neocortex could
be mainly a factor of differences in neuron number [Her-
culano-Houzel, 2007] in animals with different sized
brains and varying degrees of behavioral complexity,
other alterations such as changes in the types of neurons
and glia present, connectivity, and the addition of new
cortical fields are postulated to play a role as well [for re-
view see Krubitzer, 2009]. While differences in neuron
number across species with different sized neocortices
has been demonstrated [Herculano-Houzel et al., 2006;
Herculano-Houzel, 2011], the types of alterations that
have occurred at a higher level of organization are de-
scribed mainly for the changes in functional organiza-
tion that have occurred within a cortical field. For ex-
ample, cortical magnification of behaviorally relevant
sensory morphology has been well established within
primary sensory areas (see below). In contrast, studies
whose purpose was to carefully prepare brains to mea-
sure differences in brain parts or cortical field size either
within or across species (rather than gleaned from exist-

A Modern Synthesis of Cortical
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ing data) are less common [Karlen and Krubitzer, 2006;
Campi and Krubitzer, 2010].

There have been several studies in which architecton-
ic distinctions were used to delineate cortical fields for
the entire neocortex in species such as mice [Caviness,
1975; Wree et al., 1983], rats [Zilles, 1980; Campi and
Krubitzer, 2010], guinea pigs [Wree et al.,, 1981], and
squirrels [Brodmann, 1909; Wong and Kaas, 2008; Cam-
pi and Krubitzer, 2010 (fig. 4)], and a number of these ar-
chitectonically defined fields have been directly related to
functional boundaries using electrophysiological record-
ing techniques (see below). While there are differences
in nomenclature, the findings across laboratories and
species show a number of similarities. All species have a
granular, heavily myelinated primary somatosensory
area (S1, Sml, or 3), a clearly defined primary visual cor-
tex (V1, area 17, or Ocl), and a granular, densely myelin-
ated auditory core AI+AAF (A1+R, Tel, or 41). The loca-
tion and architecture of a second somatosensory region
(S2+PV, SmII, or 40) and a second visual area (V2, 18/18a,
or Oc2) have also been distinguished. Motor cortex has
been divided into a lateral region termed the lateral
agranular cortex (AGI, M1, Prcl+Prc2, or 4) and a medial
division (Agm, Prcm+Prc3, or SMA). Additional audito-
ry, somatosensory, and visual areas were also defined and
will be described in subsequent sections. These subdivi-
sions conform to similar subdivisions in other mammals
(tig. 1) and form a basic plan of cortical organization of
rodents in particular and mammals in general. Because
of the ubiquity of these fields, they were likely to be pres-
ent in the ancestor of all rodents and all mammals.

In recent comparative studies of myeloarchitecture in
our laboratory, we measured the area of a number of well-
defined cortical fields in several species of rodents [Cam-
pietal., 2007, 2011; Campi and Krubitzer, 2010] including
tree squirrels (Sciurus carolinensis), ground squirrels
(Spermophilus beecheyi), wild-caught rats and laboratory
rats (Rattus norvegicus), and Nile grass rats (Arvicanthis
niloticus; fig. 5). These studies provided an opportunity
to make several interesting comparisons within the order
Rodentia (fig. 3). First, we compared diurnal rodents
(both species of squirrels as well as Nile grass rats) with
nocturnal (Norway rats) rodents. Second, we compared
arboreal (tree squirrel) and terrestrial (ground squirrel)
squirrels. Finally, we compared wild-caught animals
(squirrels and R. norvegicus) with laboratory animals
(R. norvegicus and Nile grass rat). Measures of the brain,
the body, the dorsolateral cortical sheet, and individual
cortical fields revealed several interesting findings. First,
wild-caught rats had a relatively larger brain (as a fraction

Brain Behav Evol 7



Cortical Architecture

Mouse - C57 Albino mouse Albino rat

Caviness [1975] Wree et al.[1983]
Zilles et al.[1980]
[ Primary visual area (V1) I Primary somatosensory area (S1)
[ second visual area (V2) [ Second/parietal ventral Laboratory Norway rat
D Visual areas somatosensory area (S2/PV)
] Area3a

[] Auditory core (A1+AAF/R)

Auditory areas D Motor cortex (AGI)

M

R Campi and Krubitzer [2010]

Wild-caught Norway rat

Campi and Krubitzer [2010]

Campi and Krubitzer [2010]

Eastern gray squirrel

Campi and Krubitzer [2010]

Fig. 4. Schematic representations of cortical architecture from selected studies in mice, rats, and squirrels de-
picting architectonic subdivisions of sensory cortex. Although nomenclature varies (it is that of the original
authors), putative homologous areas have been color-coded for ease of comparison. Rostral is left; medial is up.
All drawings are to scale.
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Laboratory Norway rat

L AAF/A1

Wild-caught Norway rat

*
AAF/A1

TP

Nile grass rat

California ground squirrel

Eastern gray squirrel

Fig. 5. Myeloarchitecture in flattened cortical sections from 5 ro-
dent species. Photomicrographs of 1 section from each species are
shown; any individual section does not show all cortical field
boundaries. In all of these sections S1 and V1 can be readily iden-
tified. The auditory core is most clearly observed in the sections

of body weight) than did the laboratory rats, and tree
squirrels had a relatively larger brain than did all rodents
(as a fraction of body weight; fig. 6a). Squirrels had a larg-
er encephalization quotient (EQ; the measured brain
mass compared to the predicted brain mass based on

A Modern Synthesis of Cortical
Organization in Rodents

representing rats but can be identified in the other species when
other sections from a series are examined. Conventions are as in
previous figures [taken from Campi and Krubitzer, 2010; Campi
etal., 2011].

body mass) than did rat groups, and tree squirrels had a
higher EQ than did ground squirrels (fig. 6b). For mea-
sures of individual cortical fields, both species of squir-
rels had a larger percentage of cortex devoted to area 17
(V1) as well as other visual areas including area 18, OT

Brain Behav Evol 9
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Fig. 6. Cross-species comparison of relative brain and cortical
field size. Bar graphs of mean brain-to-body mass ratios (a), en-
cephalization quotient (b), and percentage of dorsolateral cortex
devoted to auditory areas (c), somatosensory/motor areas (d), and
visual areas (e). Each colored bar represents a different rodent. In
a, the y-axis is brain weight as a percentage of body weight. In b,
the y-axis is the measured brain mass compared to the predicted
brain mass based on body mass. In c-e, each colored bar repre-
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sents a different rodent for a specific area of cortex, and the y-
axis shows the percentage of dorsolateral cortex area that indi-
vidual areas occupy. There are large differences within and across
rodent groups associated with lifestyle and rearing conditions.
Error bars represent the standard error of the mean. The asterisk
indicates a significant difference (p < 0.05) [taken from Campi
and Krubitzer, 2010; Campi et al., 2011].
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(occipitotemporal area or V3), and TP (temporal poste-
rior area) (fig. 6e), and the diurnal rats had proportion-
ately more cortex devoted to areas 17 and 18 compared to
the nocturnal rats. Within the squirrel group more cortex
was devoted to visual areas in the arboreal tree squirrel
while more cortex was devoted to somatosensory areas
S1, §2, and PV in the terrestrial (and burrowing) ground
squirrel. All rats had a larger percentage of cortex devot-
ed to the auditory core areas S1, S2/PV, and M1 compared
to squirrels (fig. 6¢, d); nocturnal rats had a larger per-
centage of cortex devoted to S1 than did diurnal rats [for
complete review see Campi and Krubitzer, 2010; Campi
et al., 2011].

An interesting and important observation was that
differences in cortical field size emerged in the same spe-
cies of rat (R. norvegicus) that were reared in the wild ver-
sus laboratory conditions (fig. 6¢, d). Laboratory rats had
a larger auditory core (A1+AAF) and S1 compared to
wild-caught rats, and wild-caught rats had a larger M1.
Additional differences were also noted at a cellular level
between these groups, and the significance of this finding
will be discussed at the end of the section on the visual
system.

Our comparisons [Campi and Krubitzer, 2010; Campi
etal., 2011] were based on the fraction of the cortical sheet
that any given area would occupy, therefore removing the
effects of overall brain size. However, the differences in
cortical field size between species may also arise due to
simple allometry (or alinear scaling of cortical fields with
brain size). In fact, meta-analyses of data from several or-
ders of mammals demonstrate that differences in the size
of visual areas between species are due to allometry and
that primary fields co-vary with brain size and not with
niche specialization [e.g. Kaskan et al., 2005]. This is sur-
prising because, along a number of dimensions, the neo-
cortex relates strongly to sensory specializations and life-
style (see comparisons of sensory cortex in this review).
Such discrepancies between conclusions reached from
allometric studies and other studies may be methodolog-
ical. For example, in previous allometric analyses, the
data were collected by multiple laboratories using a vari-
ety of techniques. Many critical measures necessary to
perform an accurate allometric analysis, such as the size
of the cortical sheet (area or volume), brain (weight or
volume), and individual cortical fields (area or volume),
were not provided in some of the studies that formed the
backbone of the meta-analysis [Jones and Burton, 1976;
Krubitzer and Kaas, 1990; Felleman and Van Essen, 1991;
Krubitzer et al., 1995; Huffman et al., 1999]. In addition,
conclusions regarding specific changes in cortical area

A Modern Synthesis of Cortical
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allocation were based on regression slopes derived from
data that combined several mammalian orders, thereby
obscuring specializations in lineage, and were skewed by
including more data from highly visual lineages such as
primates. Finally, species that showed extreme specializa-
tion such as platypuses and echidnas were eliminated
from the analysis.

To resolve this issue, we performed our own analysis
using the rodent species in which sizes of cortical fields
were compared (tree squirrels, ground squirrels, labora-
tory rats, wild-caught rats, and Nile grass rats) and exam-
ined the relationship between cortical sheet size and cor-
tical field size to see if changes in brain size alone could
account for the differences in cortical field size that we
observe in these rodents [Campi et al., 2011]. This analy-
sis controls for potential lineage differences because all
species are rodents, and it controls for other confounds
mentioned above because the same histological methods
and criteria were used to define a cortical field. We cal-
culated the regression line for our data (log transformed)
and found that, across rat groups, all 3 primary sensory
fields had different positive slopes, meaning that as rat
brains increase in size all of these fields increase in size
but at different rates. The steepest slope is observed for S1
(fig. 7a). That is, SI increases in size at a faster rate than
V1 and Al as brains get larger. On the other hand, in
wild-caught diurnal ground and tree squirrels, V1 has the
steepest slope [Campi and Krubitzer, 2010 (fig. 7b)], indi-
cating different rates of change for different fields in the
2 lineages. These results point to a conclusion similar to
that obtained from our more straightforward percentage
measurements in squirrel and rat groups that primary
sensory areas differentially change size. Thus, in addition
to scaling of cortical fields with brain size, the general
organization of the neocortex in terms of sensory domain
allocation (the amount of cortex devoted to a particular
sensory system) and cortical field size reflects the types
of sensory and behavioral specializations associated with
the lifestyle of a particular rodent. Our review on the or-
ganization of cortical fields and the cellular composition
of cortical fields substantiates this idea by demonstrating
large species differences within the rodent order at all lev-
els of organization.

Organization of Visual Cortex
Visual cortex organization has been described in sev-

eral species of rodents using a variety of techniques in-
cluding electrophysiological recordings and optical im-
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aging [Hall et al., 1971; Kaas et al., 1972, 1989; Montero,
1973; Drager, 1975; Tiao and Blakemore, 1976; Wagor et
al., 1980; Espinoza and Thomas, 1983; Schuett et al., 2002;
Cang et al., 2005; Van Hooser et al., 2005; Husson et al.,
2007; Wang and Burkhalter, 2007]. In all rodents exam-
ined, V1, which is coextensive with architectonic area 17,
contains a complete representation of the contralateral
visual hemifield, with the upper quadrant represented
caudolaterally and the lower quadrant represented ros-
tromedially. The horizontal meridian is represented mid-
way between these 2 poles of V1, and the vertical merid-
ian is located at the rostral boundary and forms the bor-
der with architectonically defined area 18/18a (fig. 8).

While the general location and retinotopic organiza-
tion of V1 is similar across rodents and across all mam-
mals [Van Hooser, 2007; Kaas, 2008], important inter-
species differences exist and are often correlated with
aspects of lifestyle. For example, the relative size of V1
varies in different species, with arboreal diurnal squir-
rels having a larger proportion of the cortical sheet de-
voted to V1 and other visual fields (see above) compared
to terrestrial squirrels and nocturnal rats. There are also
clear differences in the extent of cortex representing the
overlap of the visual fields of both eyes (fig. 9), or the bin-
ocular segment, even within closely related species. For
example, the binocular segment of V1 is much larger in
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Fig. 7. Cortical area scaling in Norway and Nile rat groups (a) and
California ground and eastern gray squirrels (b) shown as log pri-
mary areas [V1, S1, and A1+AAF (rats) and AI+R (squirrels)] re-
gressed on log neocortex size. It should be noted that, in the rat
group, S1 has the steepest slope compared with the squirrel groups
in which V1 has the steepest slope. The equations and r? values
areas follows: a V1 =0.969x - 1.043, r>=0.827; S1 = 1.274x - 1.130,
r?=0.0860; Al = 0.332x - 0.107, 1> = 0.096. b V1 = 1.447x - 2.003,
r? = 0.823; S1 = 0.698x - 0.089, r* = 0.453; Al = 0.194x - 0.085,
r?=-0.036. V1 individual animal points are depicted by triangles
and the slope is a solid black line; S1 individual animal points are
depicted by squares and the slope is a solid gray line, and Al in-
dividual animal points are depicted by circles and the slope is a
dashed line. Symbols are colored by species.

Fig. 8. Line drawings of the visuotopic organization in striate and
extrastriate cortex in the mouse, hamster, rat, and squirrel ob-
tained utilizing electrophysiological recording techniques. The
location of V1 is indicated in blue in the small brains at the top of
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each figure. V1 organization is similar in all rodents depicted; the
upper visual field is represented caudally and the lower visual
field is represented rostrally. Just lateral to V1 is a mirror repre-
sentation, i.e. V2, in the mouse, rat, squirrel, and hamster. In rats
this region contains 2 fields, i.e. AL and LM. Medial to V1is 1 or
2 separate visual areas in mice, rats, and hamsters. Central vision
is highlighted by gray shading. The horizontal meridian is repre-
sented by a blue line. The vertical meridian is represented by a
pink line. Arrows in ML and L of the squirrel indicate that neu-
rons in these regions are direction selective. Rostral is to the left;
medial is up. In a-c maps are to the same scale. The squirrel (d)
is shown at one half the scale of a-c. The relative brain-to-map
scale is consistent across species, so brains in a-c are presented at
the same scale. For this and the following illustrations, the maps
may be redrawn for either a single case within a study or 2 cases
combined; some of these are summary maps provided by the au-
thors of a paper, and some of these are summary maps generated
from more than 1 study. Individual studies are listed around all
summarized maps.
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squirrels than in murine rodents and is larger in the tree
squirrel than in the ground squirrel. It is possible that the
degree of binocular overlap and its corresponding repre-
sentation is associated more directly with terrain niche
than with diel pattern due to visual adaptations such as
enhanced depth perception, which would be helpful for
rapid navigation and branch-to-branch leaps associated
with the habits of the tree squirrel [Koprowski, 1994].
Studies of single units in V1 in squirrels and murine ro-
dents demonstrate that receptive fields for neuronsin V1
in mice are larger than in squirrels [Hall et al., 1971;
Drager, 1975; Metin et al., 1988; Niell and Stryker, 2008].
While neurons in V1 in rats, mice, and squirrels contain
cells that are orientation and direction selective, there
are differences in the proportions of these cells [for com-
parisons between rodents see table 2 in Heimel et al,,
2005]. Rats have more direction- and orientation-selec-
tive cells than either squirrels or mice, and squirrels have
more orientation-selective cells than mice. Neurons in
V1 in squirrels show color opponency and have higher
spatial and temporal tuning than in mice and rats. These
differences have been suggested to optimize aspects of
vision in diurnal versus nocturnal visual environments.
A similar pattern of V1 response properties is also seen
in other nocturnal and diurnal mammals, particularly
in primates [for review see Heimel et al., 2005]. Despite
the presence of orientation-selective cells in V1, an or-
derly orientation map like that observed in primates has
not been observed in any rodent [Van Hooser et al,
2005].

While all studies are in agreement on the relative loca-
tion and organization of the primary visual area, there
are dramatic differences in how cortex lateral and medial
to V1 is organized both within and across species. Only
a few studies generated electrophysiological maps of vi-
sual cortex with many densely spaced electrode penetra-
tions in each animal. Such high-quality maps which are
necessary for appreciating cortical organization, particu-
larly in small fields, exist for mice [Drager, 1975; Wagor
et al., 1980], squirrels [Hall et al., 1971; Kaas et al., 1989],
hamsters [Tiao and Blakemore, 1976], and rats [Espinoza
and Thomas, 1983] (fig. 8).

Most studies agree that cortex in the architectonically
defined area 18b, just medial to V1, is devoted to visual
processing. However, different studies report different
numbers and names of areas. Electrophysiological stud-
ies indicate that 1-2 retinotopically organized fields are
present in this region and have been termed Vmr and
Vmc in mice, VM in hamsters, and AM and PM in rats
(fig. 8; see list of abbreviations). Recent architectonic
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studies in the mouse have further divided this medial
cortex into a V2M caudally and 4 rostromedial fields
(RM1-4) using nonphosphorylated neurofilament pro-
tein [Van der Gucht et al., 2007].

The status of cortex immediately lateral to V1 in ro-
dents is contentious, with investigators differing over
whether there is a single functional field, V2, coextensive
with the architectonically defined area 18a or several
functional fields, only 1 of which is V2. The story is com-
plicated because, even in the same species (mice), differ-
ent laboratories have different schemes of organization
[Wagor et al., 1980; Olavarria et al., 1982; Olavarria and
Montero, 1989; Schuett et al., 2002; Kalatsky and Stryker,
2003; Wang and Burkhalter, 2007; Wang et al., 2011]. In
rats, studies in which a substantial number of densely
spaced recording sites were obtained in individual ani-
mals, areas AL and LM are proposed to be coextensive
with area 18a and to border V1 [Espinoza and Thomas,
1983]. These investigators and others propose that LM is
homologous to V2 in other rodents and other mammals,
and AL is an additional field not described in other
rodents or other mammals. A subsequent reanalysis of
these data by Rosa and Krubitzer [1999] suggests that re-
cording site progression demonstrates only a single func-
tionally defined field, V2, in area 18a in rats. More de-
tailed maps in rats of cortex lateral to V1 would help re-
solve this issue. While other studies in rats [Montero et
al., 1973a, b; Olavarria and Montero, 1984; Thomas and
Espinoza, 1987; Rumberger et al., 2001] and mice [Ola-
varria et al., 1982; Olavarria and Montero, 1989; Wang
and Burkhalter, 2007; Wang et al., 2011] have used elec-
trophysiological recording and/or connectional data to
support multiple areas in this region, these data are dif-
ficult to interpret because only a few recording sites were
obtained in any given animal for any given field (some-
times only 1-3 recording sites per field) [see fig. 6A, 7A,
and 8A of Wang and Burkhalter, 2007], and often the
data from several animals were combined onto a single
composite map [see fig. 1 of Montero et al., 1973a]. Thus,
even with electrophysiological recording techniques, the
resolution provided by few recordings in a single animal
in very small fields (in some instances less than 1 mm?)
is insufficient to delineate the topography of fields or to
determine their borders. Optical imaging studies also
provide conflicting parcellation schemes of this region
of visual cortex in mice but, again, the resolution of this
technique for very small areas (with less precise topogra-
phy than V1) makes it difficult to reach any firm conclu-
sions about the organization of extrastriate visual areas
[see fig. 5 of Schuett et al., 2002; Kalatsky and Stryker,
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a Binocular segment in V1 of squirrels

b Eastern Gray Squirrel

Fig. 9. Myeloarchitecture of the binocular and monocular seg-
ments of V1 in the eastern gray squirrel (b) and the California
ground squirrel (c). The black box in a shows the area of magni-
fication for b and ¢. The monocular (mono) and binocular (bino)
segments are labeled. In both animals, the binocular segment is
more darkly myelinated and located laterally. Images in b and ¢
are presented at the same scale. Caudal is to the right; medial is
up [modified from Campi et al., 2010].

2003]. As noted above, connectional data from rats and
mice [e.g. Olavarria and Montero, 1981, 1984, 1989;
Wang and Burkhalter, 2007] or connectional data alone
in hamsters and several Chilean rodents [Bravo et al.,
1990; Olavarria and Montero, 1990] have been used to
support the presence of multiple fields in area 18a be-
cause callosal connections to this region are heteroge-
neous and projections from V1 are patchy. Each separate
patch of label is proposed to indicate the presence of a
separate field. However, heterogeneous connections
from V1 to area 18 in rats have also been interpreted to
support a single field lateral to V1 and V2, with local dis-
continuities [Malach, 1989]. Support for the idea of Ma-
lach [1989] comes from other species such as squirrels,
tree shrews, and cats and multiple species of monkeys in
which heterogeneous callosal connections and patchy
connections from V1 and other visual areas to area 18
have been observed [Innocenti and Fiore, 1976; Lin et al,,
1982; Segraves and Rosenquist, 1982; Gould, 1984; Ses-
ma et al., 1984; Kennedy et al., 1986; Kaas et al., 1989;
Krubitzer and Kaas, 1989, 1990; Lyon and Kaas, 2002].

A Modern Synthesis of Cortical
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In these previous studies such connections have been in-
terpreted as marking a modularly organized V2 rather
than the presence of multiple fields. Electrophysiological
recording results in these species provide support for this
interpretation.

In squirrels, hamsters, and some studies of mice, a sin-
gle representation of the contralateral hemifield, V2, co-
extensive with area 18/18a is proposed to border the lat-
eral edge of V1 [Hall et al., 1971; Tiao and Blakemore,
1976; Wagor et al., 1980; Kaas et al., 1989]. V2 adjoins V1
at the representation of the vertical meridian resulting in
a mirror representation with the lower field represented
rostrally and the upper field represented caudally, just as
in V1 (fig. 8). These data are derived from dense electro-
physiological recordings in the same animals and are
thus considered very robust.

The remarkable difference in number of extrastriate
fields in some studies of mice and rats compared to squir-
rels is surprising because rats and mice are nocturnal and
have an otherwise reduced visual system from the level of
the rod-dominated, single-color cone retina (the other
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cone is sensitive to ultraviolet wavelengths in murine ro-
dents) to the 3-layered LGN. Squirrels, on the other hand,
have a 2-color cone retina and 5-layered LGN [for review
see Van Hooser and Nelson, 2006]. Further, squirrel acu-
ity, and other types of discrimination, exceeds that of
mice and rats [Jacobs et al., 1982; Girman et al., 1999;
Keller et al.,, 2000; Prusky et al., 2004; for review see
Heimel et al., 2005]. Thus, aspects of visual system orga-
nization in squirrels at earlier levels of processing are
much more like those of highly visual animals such as
tree shrews and primates than like those of nocturnal ro-
dents like mice or rats.

There are 2 possible explanations for the reported
differences in the organization of extrastriate cortex in
squirrels versus mice and rats. The first is that method-
ological differences have resulted in different reported
organizations. As noted above, a paucity of recording
sites in any given area, the very small size of several of the
proposed areas, and the combining of sparse data from
individuals into composite maps is potentially problem-
atic. Another possible explanation for these differences is
that the organization of area 18a in murine rodents, and
mice and rats in particular, is highly derived compared to
other rodents and all other mammals. If this is the case,
these rodents may not be the best rodent models for un-
derstanding the general organization of extrastriate vi-
sual cortex and aspects of visual processing. Thus, the
data, while interesting, cannot be generalized to other
species such as tree shrews, cats, ferrets, monkeys, or hu-
mans.

Cortex lateral to area 18a has been explored in mice,
hamsters, rats, and squirrels and, except for rats, most
studies propose that a third visual area, V3 (or OT), exists
in the region that adjoins area 18a [Kaas et al., 1989; Van
Hooser and Nelson, 2006] (fig. 8). This area receives di-
rect projections from V1 [Kaas et al., 1989], and studies
in mice [Wagor et al.,, 1980] and squirrels [Sereno, pers.
commun.] demonstrate that V3 has a retinotopic repre-
sentation that mirrors that of V2. In rats, Espinoza and
Thomas [1983] propose that 2 areas, i.e. LL and LI (fig. 8b),
adjoin area 18a, but these areas are extremely small (<1
X 0.3 mm) and it seems unlikely that the density of map-
ping in this study was sufficient to distinguish such small
cortical fields [see fig. 1 and 2 of Espinoza and Thomas,
1983].

Electrophysiological, architectonic and connectional
studies indicate that cortex just lateral to V3 in squirrels
contains additional cortical areas, the middle lateral
(ML) and lateral (L) visual areas in which neurons are di-
rectionally selective [Paolini and Sereno, 1998]. Both ML
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and L appear to form mirror images of V3 [Sereno et al.,
1991; Sereno, pers. commun.], but more data are needed
to define the detailed organization of these fields. V3 in
mice and other rodents such as rats and hamsters is bor-
dered laterally by the auditory core areas (fig. 10, 13).

Finally, architectonic studies indicate that at the cau-
dal occipitotemporal junction a field that is similar in ap-
pearance is present in all rodents examined. This field is
termed Te2 or TP (fig. 4). In squirrels, thalamocortical
connections from divisions of the pulvinar [Wong et al,,
2008] indicate that this region is involved in processing
visual inputs, similar to the temporal pole regions in pri-
mates. TP also receives inputs from divisions of the me-
dial geniculate nucleus, suggesting that it may have a role
in multisensory processing. Further electrophysiological
and anatomical studies of this region in squirrels will
help reveal the details of its organization and function.
Regardless of interpretation, there is a large difference in
the relative size of the temporal pole in squirrels com-
pared to other rodents examined (fig. 10). In mice, rats,
hamsters, voles, and other rodents, this temporal region
contains a small Te2 or TP area that adjoins the caudo-
lateral boundary of area 18a or V2 and adjoins the
caudal boundary of a very small V3. Immediately lateral
to this is the auditory cortex, with no additional space
available for other cortical fields. In squirrels, TP does
not share a boundary with either V2 or V3 (OT) but does
share one with ML and L [Paolini and Sereno, 1998; Cam-
pi and Krubitzer, 2010]. Thus, there is an expansion of
cortex between V3 and TP in squirrels as well as an enor-
mous expansion of TP and cortex lateral and anterior to
TP. This is particularly distinct in the eastern gray squir-
rel (fig. 10).

Cellular Composition of V1 in Diurnal versus
Nocturnal Animals and Laboratory versus
Wild-Caught Animals

Both gross brain measures of cortical field size and
fine-grain electrophysiological mapping indicate that the
organization of visual cortex in rodents differs and these
differences go beyond what would be expected by allom-
etry. Recently, using the isotropic fractionator method we
examined the cellular composition in nocturnal, wild-
caught, and laboratory Norway rats and diurnal, labora-
tory Nile grass rats [Campi et al., 2011]. The latter rodents
are a close sister group to rats and mice. We observed
some interesting differences in the number and density
of neurons and non-neuronal cells in these 3 groups of
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Fig. 10. Line drawings of flattened cortical hemispheres depicting
the location of the primary visual area and the extent of visual
cortex in the mouse, rat, California ground squirrel, eastern gray
squirrel, prairie vole, Nile grass rat, and naked mole rat. Differ-
ences in the relative amount of cortex devoted to V1, and in the
amount of cortex devoted to visual processing, are readily ob-
served when comparing diurnal squirrels to other rodents, par-
ticularly the subterranean naked mole rat. V1: Primary visual
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area (dark blue), all other proposed visual areas (light blue). All
drawings are to scale. The overall brain organization in rats, mice,
and squirrels is taken from the studies described in this review.
The organization of the prairie vole comes from Campi et al.
[2007], the naked mole rat from Henry et al. [2006], and the Nile
grass rat from Campi et al. [2011]. In the printed version, colors
appear as shades of gray.
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Fig. 11. Cellular composition of V1 in rats. The estimated total
cells (a), total neurons (b), total non-neurons (c), percent of neu-
rons (d), the neuron density (e), non-neuron density (f) and neu-
ronal quotient (g) are depicted for V1 in each group of rodents.
Colored bars represent different rat groups, and the y-axis for a-c
shows the estimated numbers of cells in millions, for d, neurons
as a percentage of all cells, for e, f, thousands of neurons per mil-
ligram of tissue, and for g, the ratio of the expected number of

rodents. Both groups of Norway rats (wild-caught and
laboratory reared) had more cells, neurons, and non-neu-
rons in area 17 than Nile grass rats (fig. 11a—c). However,
Nile grass rats had a greater percentage of neurons in V1
than both nocturnal species, and wild-caught rats had a
greater percentage of neurons in V1 than did laboratory
rats. Perhaps the most interesting results are that wild-
caught rats had the greatest density of neurons in V1
compared to the 2 laboratory rat groups (fig. 11d-f). The
results of neuronal density are in good agreement with
previous studies on laboratory rats [Peters et al., 1985;

18 Brain Behav Evol

neurons to the observed number of neurons calculated based on
body (SNQ) and brain (ENQ) weight. Error bars represent the
standard error of the mean. Significant differences between
groups are indicated by the > or < symbol with abbreviations for
each group beneath each panel: L = laboratory Norway rat, W =
wild-caught Norway rat, G = Nile grass rat. The horizontal line in
g represents a ratio of 1. See table for abbreviations. Taken from
Campi et al., 2011.

Turner and Greenough, 1985]. To our knowledge, this is
the first study of the cellular composition of V1 in wild-
caught Norway rats and laboratory Nile grass rats. Final-
ly, wild-caught rats had the largest somatic and encephal-
ic neuronal quotients [SNQ and ENQ; fig. 11g; see Her-
culano-Houzel, 2007]. These metrics provide estimates of
the expected number of neurons for a given body or brain
size, respectively. Thus, wild-caught rodents have a high-
er density and number of neurons in V1 than would be
expected for their body or brain size compared to the 2
laboratory rodents. Information processing capacity is

Krubitzer/Campi/Cooke



f Squirrel

Merzenich et al.[1976]
Luethke et al.[1988]
Wong et al.[2008]

The Organization of Auditory Cortex in Rodents

VP
Thomas et al.[1993]

b Guinea Pig

Stiebler [1987]
Stiebler et al.[1997]

Doron et al.[2002]
Tanaguchi et al.[1992]
Polley et al.[2007]

N < _VRB ¢
Wallace et al.[2000]

e Chinchilla

—)

Harrison et al.[1996]

i

Frequency in kHz

<1

1

2-5
5-10
10-15
15-20
20-25
25-30
30-45
50-70
Wideband

OEEEOO0OOEOE M

Fig. 12. Rodent auditory cortex organization in the mouse (a),
guinea pig (b), rat (c), gerbil (d), chinchilla (e), and squirrel (f).
Small line drawings are dorsolateral cortex, with auditory areas
outlined and Al in yellow. Expanded views of auditory areas show
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the location and relative amount of space given to the representa-
tion of each frequency range for each rodent. All maps are to scale.
The small scale bar (1 mm) at the top is for the whole brains and
the scale bar at the bottom is for the enlarged maps.
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influenced by several parameters including the diameter
of myelinated fibers (which we did not measure) and the
distance between neurons or neuronal density [Ringo,
1991; Ringo et al., 1994; Zhang and Sejnowski, 2000;
Changizi, 2001]. Presumably, these differences in neuro-
nal packing in combination with spine density differenc-
es demonstrated in environmental enrichment studies
and cellular composition differences between laboratory
and wild-caught rodents with similarly sized brains
would affect information processing capacity [Kolb et al.,
2003; Faherty etal., 2003; Gelfo et al., 2009]. Although we
have not examined information processing differences
between the groups, neuronal density differences have
been demonstrated to be one of the factors in differential
intelligence measurements within humans [Anderson
and Harvey, 1996] and across mammals [Roth and Dicke,
2005].

The differences in cell density in V1 in laboratory ver-
sus wild-caught rats that we described above may be due
to differences in the rate of apoptosis during the critical
period of development. Previous studies have demon-
strated that rats reared in the dark have greater apoptosis
inareas 17, 18, and 18a at postnatal day 21 [Papadopoulos
and Michaloudi, 1999] and significantly lower neuronal
density in the lateral geniculate nucleus (LGN) com-
pared with standard light-reared groups [Jameie et al,,
2010]. Rearing in the impoverished standard laboratory
environment may result in greater apoptosis and there-
fore lower neuronal densities in adulthood compared
with wild-caught rats that developed in natural and di-
verse visual environments. Thus, laboratory rodents
must be considered highly altered neural models of their
wild counterparts. Environmental conditions alter the
molecular, cellular, and functional operation of the net-
work in sometimes unexpected ways. The alterations to
the network generated through natural or enriched rear-
ing conditions may result in emergent properties that
would not exist in the simplified network of the labora-
tory animal.

Summary of Visual Cortex

Taken together, the data indicate that visual cortex in
most rodents examined has both general aspects of orga-
nization like the presence of a topographically organized
V1, V2, and V3 and a small wedge of cortex medial to V1
as well as species-specific aspects of organization that ap-
pear to be related to the sensory demands of the environ-
ment. Some rodents such as the naked mole rat appear to
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have a highly reduced visual cortex and may only have a
primary visual area (fig. 10). Most notable are changes in
the relative size and number of visual cortical areas lat-
eral to V2 and V3, differences in the types and propor-
tions of neurons in V1, and the greater binocular overlap
in V1 in diurnal rodents. Further, much like primates,
squirrels have independently evolved an expanded tem-
poral lobe with dense input from the pulvinar, suggesting
a specialization for object recognition. Interestingly, in
wild-caught and laboratory Norway rats, we found differ-
ences at both gross and cellular levels of organization.
Wild-caught rats have access to more varied visual stim-
uli than do the classic ‘enriched’ laboratory rats, and they
certainly have a richer visual environment than do stan-
dard laboratory rats. This is true for all of the senses. Fur-
ther, the types and complexity of movements necessary
for survival are different in a natural environment versus
alaboratory environment, and such differences may con-
tribute to differences in the size of motor cortex. On the
other hand, the expansion of somatosensory and audi-
tory cortex in laboratory rats indicates that these senses
are less impoverished and may be overutilized compared
to the visual system.

Auditory Cortex

Functional maps and architectonic divisions of audi-
tory cortex have been described in detail in a number of
rodents including mice [Stiebler, 1987; Stiebler et al.,
1997], rats [Doron et al., 2002; Kalatsky et al., 2005; Polley
et al., 2007], gerbils [Thomas et al., 1993; Budinger et al.,
2000], guinea pigs [Taniguchi et al., 1992; Wallace et al.,
2000; Horikawa et al., 2001; Hosokawa et al., 2004], chin-
chillas [Harrison et al., 1996; Harel et al., 2000], squirrels
[Merzenich etal., 1976; Luethke et al., 1988], and Octodon
degus [Thomas and Tillein, 1997] (fig. 12). These studies
utilized multiunit recording or optical imaging tech-
niques and provide detailed information on the relative
location and tonotopic organization of multiple auditory
fields in these rodents. The rodents examined belong to
the suborders Sciuromorpha (squirrels), Myomorpha
(mice, rats, and gerbils), and Hystricomorpha (chinchil-
las, guinea pigs, and O. degus; infraorder Caviomorpha)
and thus compose a good representation of rodents in
general. There are 3 features of auditory organization that
all rodents share, as well as species specializations within
and across fields that appear to be related to environmen-
tal factors and morphological specializations. Similar
features include the presence of a core auditory region
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Auditory Cortex in Rodents
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Prairie vole Nile grass rat

Naked mole rat
Eastern gray squirrel
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Fig. 13. Line drawings of flattened cortical hemispheres depicting the location of A1 and the extent of auditory
cortex in mouse, rat, prairie vole, Nile grass rat, naked mole rat, California ground squirrel, and eastern gray
squirrel. Al: Primary auditory area (dark yellow), all other delineated auditory areas and auditory responsive
cortex (light yellow). All drawings are to scale. Rostral is to the left; medial is up. In the printed version, colors
appear as shades of gray.
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containing 2 topographically organized fields, 1 or more
areas of the cortex containing a representation of ultra-
sonic frequencies (when examined), and cortical magni-
fication of acoustically relevant frequencies.

All species examined appear to have 2 core auditory
fields termed the primary auditory area (A1) and an an-
terior auditory field (AAF) or rostral field (R), surround-
ed by a belt of auditory cortex composed of few to many
fields (fig. 12). The core areas are coextensive with a
darkly myelinated area in the temporal cortex (fig. 5) and
are tonotopically organized such that similar frequencies
are represented in oriented (often dorsoventral) bands
that span the field. The ubiquity of this 2-field core re-
gion strongly suggests that the common ancestor or all
rodents shared this pattern of organization. Indeed this
pattern is found in all mammals, indicating that this core
region was present in our common ancestor [for review
see Kaas, 2010]. While there is general agreement on the
core/belt organization of auditory cortex in rodents,
there is some discrepancy on the layout of tonotopic rep-
resentation, which may be due to true species differences
or methodological problems associated with subdividing
the neocortex. Most notably, in all but 2 rodents exam-
ined (squirrels and guinea pigs, not closely related; fig. 3),
low frequencies are represented in the caudal portion of
Al and high frequencies are represented in the rostral
portion of Al, with the organization of AAF a mirror
reversal of this (compare fig. 12a, ¢, d, e with fig. 12b, f).
A similar pattern is observed in all other mammals that
have been examined, except for primates [Kaas, 2010].
Why do squirrels and guinea pigs differ from all other
rodents? In primates, the altered organization of Al is
thought to be due to the expansion of the temporal lobe
and the rotation of the long axis of A1 [Kaas, 2010]. Thus,
one possibility is that the common ancestor of all rodents
had 2 core fields that were represented from low to high
for A1 and from high to low for AAF or R and that squir-
rels and guinea pigs independently evolved a reverse or-
ganization of these fields. While squirrels clearly have an
expansion of the temporal lobe, although not of the same
magnitude as primates, guinea pigs do not. Another pos-
sibility, and one that we favor, is that the auditory fields
have been misidentified in these species [including in
our own study; Luethke et al., 1988].

For example, in squirrels, what has been identified
previously as the rostral field (R) could instead be the pri-
mary auditory area, and cortex rostral to this, in which
neurons respond to auditory stimulation, could be AAF.
Another possibility is that the field termed Al could be
AAF, and cortex caudal to this would contain the pri-
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mary auditory area. Although the tonotopic organization
of cortex surrounding Al and R in squirrels has not been
explored, neurons in this location are responsive to audi-
tory stimulation, and connections of cortex caudal to Al
indicate that it is involved in unimodal auditory process-
ing [Wong et al., 2008]. In guinea pigs, 2 different labora-
tories have generated 2 different schemes for the orga-
nization of auditory cortex, but in both schemes
frequencies in Al are represented from low to high ros-
trocaudally and in the opposite layout in a caudal field
termed DC [Wallace et al., 2000] or AII [Horikawa et al.,
2001]. It is possible that A1 in both schemes of organiza-
tion is actually AAF and the caudal field is Al [for review
see Kaas, 2010, specifically their fig. 19.4]. If this were the
case, the organization would conform to all other species
examined, except for squirrels, where we believe similar
errors in defining cortical fields have also occurred. Sub-
dividing auditory cortex is more difficult than subdivid-
ing areas from other sensory modalities because of the
2-dimensional nature of the isofrequency contours ver-
sus the point-to-point mapping found in primary and
secondary areas in the somatosensory and visual sys-
tems.

While all species possess belt regions of auditory cor-
tex, variations in the relative location, nomenclature, and
tonotopic organization make it very difficult to propose
homologies without connectional data (fig. 13). However,
all species in which responses to ultrasonic frequencies
(>20 kHz) were tested have been found to possess corti-
cal regions representing these frequencies, although the
number and location of such representations varies be-
tween species. For example, mice have a field just rostral
to Al and medial to AAF in which neurons respond to
frequencies between 50 and 70 kHz [Stiebler, 1987]. Rats
have a relatively large 20- to 55-kHz representation in the
anterior portion of Al (fig. 12c). The shared boundary of
Al and DCin guinea pigs contains neurons responsive to
20-36 kHz, and even gerbils have a representation of 30-
to 40-kHz frequencies in small portions of both Al and
AAF.

A third feature of organization in all rodents exam-
ined is that isofrequency bands in Al and AAF occupy
variable cortical territories, and these differences appear
to be related to the acoustic demands of a particular en-
vironment. For example, the most striking feature of the
gerbil auditory cortex is the cortical magnification of fre-
quencies below 5 kHz, while mice and rats have more
cortical space devoted to frequencies above 15 kHz and
squirrels have a relatively large proportion of cortex
devoted to middle-to-low frequencies (compare fig. 12a
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with 12d). As noted above, rodents also have a variable
representation of ultrasonic frequencies.

Studies of vocal communication suggest that aspects
of cortical representation are associated with many dif-
ferent kinds of vocalizations. These include conspecific
and even heterospecific alarm calls for predator warning
and identification of the sex, individual identity, and so-
cial group membership of the caller, as well as conspe-
cific calls of separated young. Each of these categories of
calls utilizes a particular frequency range. For example,
comparative studies in rodents demonstrate that the
calls of separated young are mostly ultrasonic, but the
mean frequency and rate of calls is species specific, with
mice and rats having the highest frequency calls (40-70
kHz and 30-50 kHz, respectively), followed by gerbils
(20-55 kHz), voles (20-45 kHz), and hamsters [20-40
kHz; Hashimoto et al., 2004; Motomura et al., 2002]. The
high frequencies of early postnatal calls made during
maternal separation are not detected by predators and
are due to the immature development of the lung and vo-
cal apparatus. These calls decrease in rate very rapidly in
postnatal development. The ultrasonic representations
in auditory cortex mentioned above match (although not
perfectly) the frequency range of calls of early postnatal
young.

A remarkable amount of information can be con-
veyed in vocalizations. Alarm calls are an important vo-
calization category, and a number of rodents have a rich
‘vocabulary’ of calls that are urgency dependent and
predator specific [Randall et al., 2005; Kiriazis and Slo-
bodchikoff, 2006; Furrer and Manser, 2009]. In addition,
differences in individuals’ calls can inform the listener
of the sex, social network, and even individual identity
of the caller. For example, prairie dogs have different
calls for different predators including humans, domestic
dogs, coyotes, and hawks, which elicit appropriate reac-
tion behaviors [Kiriazis and Slobodchikoff, 2006]. These
rodents also modulate their call according to individual
characteristics of the perceived predator, even distin-
guishing humans by the color of their clothes [Slobod-
chikoff et al., 2009]. Giant gerbils (close cousins of the
Mongolian gerbil) have distinct calls for different preda-
tors such as dogs, humans, and lizards [Randall et al,,
2005], and individuals within a population can recog-
nize the sex and identity of a specific individual by the
acoustic properties of its call. Finally, studies of Belding’s
ground squirrel and yellow ground squirrel vocaliza-
tions indicate that they have different calls for different
predators and that individuals have signature calls that
distinguish them from other squirrels within their social
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group [Mateo, 1996; McCowan and Hooper, 2002; Mat-
rosova et al., 2010].

Although there is variation in the formant frequencies
at which these vocalizations occur across different spe-
cies, most alarm calls are of a lower frequency than the
ultrasonic calls of separated young. Giant gerbil vocaliza-
tions are generally 1-2 kHz but can be lower; Belding’s
ground squirrel calls range from 2 to 10 kHz, and the yel-
low ground squirrel calls maximum fundamental fre-
quency is 5-6 kHz [Matrosova et al., 2010]. The species
for which call types have been well defined are often not
the same species as those for which the neocortex has
been well characterized in terms of tonotopic organiza-
tion. However, they are often close cousins in the same
family or even genus, and the match between call fre-
quency and cortical representation is remarkable. The
frequency of calls of gerbils and squirrels matches the
cortical territory occupied by the representations of these
frequencies in cortex (fig. 12). The adult and infant/adult
vocal interactions described above indicate a high degree
of sociality based on acoustic communication, and calls
that distract the predator, elicit specific behaviors, warn
conspecifics, and serve as acoustic identifiers of the call-
ing individual indicate that rodents possess sophisticated
social networks. Without question, these acoustic inter-
actions are highly complex, even compared to auditory
localization and orientation, and likely involve cortical
processing. Taken together, the data indicate that the cor-
tical magnification of different frequencies in different
species subserves these complex acoustic interactions as-
sociated with a specific lifestyle and niche.

Other aspects of auditory cortex vary across species.
The proportion of total cortex that auditory cortex as-
sumes varies across rodents, and this is particularly no-
table in prairie voles (fig. 13). In recent studies in our
laboratory we found that the auditory core region in
prairie voles was relatively larger than in mice and other
mammals with a similarly sized neocortex such as short-
tailed opossums. We also found that the extent of cortex
in which neurons respond to auditory stimulation was
large compared to other rodents, and it overlapped oth-
er sensory areas such as V1, V2,S1,and S2 (fig. 13) [Cam-
pi et al., 2007]. The suggestion was that these normally
unimodal areas were processing input from more than
1 sensory modality and that this expansion of auditory
cortex was behaviorally relevant and may be due to the
social system, rearing specializations, and vocal com-
munication associated with this species [Campi et al.,
2007].
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Fig. 14. Line drawings of the early maps of
S1 and S2 in the mouse (a), S1 in the rat (b),
S1 in the beaver (c), and S1 and S2 in the
capybara (d) depicted in the form of ho-
munculi. In all of these rodents there is a
cortical magnification of portions of the
face such as the whisker representation
(barrel field) in mice and rats and buccal
pads and lips in beavers and capybaras.

Early maps of somatosensory cortex

a Mouse: Woolsey [1967]

b Rat: Welker [1971]

A furry .
B buccal pad :

Somatosensory Cortex

Among all cortical data sets that illuminate species
differences, perhaps the richest comes from studies of
somatosensory cortex. The first electrophysiological re-
cording experiments in rodents in which the topograph-
ic organization of somatosensory cortex was described
were done in rats [Woolsey and Fairman, 1946; Woolsey,
1947]. More detailed maps using similar techniques were
subsequently made in porcupines [Lende and Woolsey,
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1956], mice [Woolsey, 1967], rats [Welker, 1971; Welker
and Sinha, 1972], capybaras [Campos and Welker, 1976],
and beavers [Carlson and Welker, 1976]. These studies
explored the topographic organization of the primary so-
matosensory area, S1 (S2 was also studied), summarizing
the representation of the body in cortex with ‘homuncu-
lus” diagrams like that of Penfield’s human homunculus
[Penfield and Boldrey, 1937] (fig. 14). Early studies some-
times referred to this area as SmI or SI. As in other mam-
mals, receptive fields of neurons in rodent S1 are smaller
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than receptive fields in other somatosensory fields. Also
like all other mammals investigated, S1 in rodents con-
tains a complete somatotopic representation of the con-
tralateral body, with the tail represented most medially,
the foot and trunk more laterally, the forelimb lateral to
this, and the face and oral structures in the most lateral
position [for review see Santiago et al., 2007]. In mice and
rats, there is a huge magnification of the mystacial vibris-
sae representation as well as the lips and tongue. Closer
examination of this expanded vibrissae representation in
mice and rats revealed a distinct ring of cells in layer IV
which formed a ‘barrel-like’ structure, with each barrel
corresponding precisely to the representation of an indi-
vidual whisker on the face [Woolsey and Van der Loos,
1970; Woolsey et al., 1975]. This collection of isomorphic
structures in S1 was termed the barrels or barrel field.
With its strict functional/morphological relationship,
barrel cortex has, over the past 40 years, served as an ex-
cellent model system for studies of development and cor-
tical plasticity [Foeller and Feldman, 2004; Frostig, 2006;
Inan and Crair, 2007; Petersen, 2007]. A detailed descrip-
tion of this huge body of work is well beyond the scope of
this review. Instead, we will touch only on the prevalence
and gross organization of rodent barrels. Comparative
studies by Woolsey et al. [1975] describe the organization
of barrel cortex in a variety of rodent species representing
several suborders and show that the distinctiveness, rela-
tive size, and organization of barrel cortex are highly
variable across rodent groups (fig. 15). These studies also
shed some light on the emergence of barrel cortex in dif-
ferent lineages and provide 3 important conclusions
about barrel cortex. The first is that the pattern of barrels
in S1 is directly and precisely related to the number and
geometric pattern of whiskers on the face. Second, the
presence of barrels is not directly associated with the
presence of whisking since rodents that have barrels do
not always whisk (e.g. guinea pig) and rodents that have
indistinct barrels do whisk (e.g. porcupine). Finally,
Woolsey et al. [1975] propose that barrel formation ap-
pears to be related to brain size since rodent species with
larger brains such as the capybara do not have barrels,
while the smaller rodent species with small brains gener-
ally have very distinct barrel cortex. The idea that mod-
ules do not form in large brains is not supported by sub-
sequent work in larger-brained mammals such as human
and non-human primates and dolphins, in which mod-
ules similar in size to those of the barrels in murine ro-
dents have been observed in different cortical areas [for
review see Manger et al., 2008]. In our recent study of tree
and ground squirrels we found that ground squirrels do
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appear to have barrel cortex that is revealed with cyto-
chrome oxidase [Campi and Krubitzer, 2010]. In larger-
brained tree squirrels, however, we found little evidence
of barrel cortex. Barrels in other members of the family
Sciuiridae are at best indistinct, although several of the
species examined by Woolsey et al. [1975] (e.g. chip-
munks) have smaller brains than the ground squirrel.
Thus, while brain size may play a role in whether barrels
emerge, the relationship between barrels and phylogeny
cannot be completely ruled out.

Subsequent single- and multineuron explorations of
S1 in both the anesthetized and awake rats [Chapin and
Lin, 1984] revealed further functional/architectonic rela-
tionships and demonstrated the heterogeneity in both
cortical architecture in body part representations other
than the barrel cortex, and neural response properties of
neurons in different architectonic zones of S1 (fig. 16a).
Based on the appearance of layer IV, S1 was divided into
several subregions with different functional properties.
Neurons in cortex in which layer 4 contained densely
packed, darkly staining neurons, termed granular cortex,
were responsive to cutaneous stimulation whereas those
in cortex outside of the granular zone (GZ), in the peri-
granular (PGZ) and dysgranular zones (DZ) were re-
sponsive to joint and cutaneous stimulation. A narrow
transitional zone (TZ) was also described just rostral to
granular S1 and contained neurons responsive predomi-
nantly to stimulation of the joints. Thus, S1 had a modu-
lar organization in which submodalities were segregated
and related to distinct architectonic zones. Subsequently,
Dawson and Killackey [1987] demonstrated that the de-
tailed representation of the forepaw (individual digits and
pads) was directly related to morphological distinctions
revealed by succinic dehydrogenase (fig. 16b). The pat-
tern of architectonic heterogeneity within S1 is different
in other rodents such as squirrels. Squirrels have a very
large unmyelinated zone (UZ) that separates the hand
and face representations, much like the large dysgranular
zone in rats and mice, and very small, thin unmyelinated
regions, continuous with UZ, that separate major body
parts. Neurons in the unmyelinated zone are not respon-
sive to somatic stimulation under anesthetic conditions.
In the final portion of our review of somatosensory cor-
tex, we will discuss the interpretation of this heterogene-
ity in the primary somatosensory cortex.

After the early studies of the 1950s through the mid
70s, the detailed organization of cutaneous responses of
the contralateral body was determined for S1 in a variety
of rodents (fig. 17) including squirrels [Sur et al., 1978;
Krubitzer et al., 1986], agoutis [Pimentel-Souza et al,,
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Fig. 15. Photomicrographs of barrel cortex
in 13 species of rodents from 3 lineages
[taken from Woolsey et al., 1975, with per-
mission]. Below is a cladogram in which
the 3 lineages are color-coded. Sciuridae =
Green; Muridae = blue; Chinchillidae =
red. To the right of the phylogenetic tree is
information on the presence and distinct-
ness of barrels as well as the presence or
absence of whisking behavior. Note that
barrels in most Muridae are distinct while
in Sciuridae they are indistinct or absent.
In the largest of all rodents, the capybara,
barrels are absent. Medial is up [informa-
tion is also taken from Campi and Kru-
bitzer, 2010].

Comparisons of barrel cortex in rodents

ALY
<=

Ground squirrel

Woolsey et al. [1975]

XXX no barrels
ooo barrelsindistinct
@e®e barrels distinct

Common
Ancestor

Modified from Woolsey et al.[1975]
Campi and Krubitzer [2010]

PresentDay Barrels Whisking
tree squirrel XX X no
flying squirrel  coo no
ground squirrel <o o no
chipmunk ooo no
prairie dogs ooo no
beaver X X X no
hamsters (XY} yes
muskrat ooo no
gerbils oo yes
mice (XY} yes
rat oo yes
porcupine ooo yes
2 . .
guinea pig (Y 1) no
capybara XX X no
% | chinchilla YY) yes
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Fig. 16. Granular and dysgranular cortex
in rat S1. a An illustration redrawn from
Chapin and Lin [1984] of granular and
dysgranular zones in rat S1 delineated by
single unit electrophysiological recording
and thionin staining. b Photomicrograph
of a tangential section of rat tissue reacted
for succinate dehydrogenase [taken from
Dawson and Killackey, 1987, with permis-
sion] demonstrating the isomorphic repre-
sentation of the body in rat S1. To the left
of b is a line drawing of the representation
of the hand in cortex (from another simi-
lar-looking figure); below is the corre-
sponding portion of the rat hand colored
gray (pads), black (digits labeled 1-5), and
red (wrist hairs). In the printed version,
colors appear as shades of gray.

V)
N2

Granular and dysgranular cortex in S1 of rats

a Chapin and Lin [1984]

Color version available online

S1(G2)

$1(G2)

1980], naked mole rats [Henry et al., 2006], prairie voles
[Campi et al., 2007], and grasshopper mice [Sarko et al.,
2011]. While the gross topographic organization of the
primary somatosensory area or Sl is similar in all rodents
investigated and in all mammals [Woolsey, 1947; Catania
and Henry, 2006; Krubitzer and Disbrow, 2010], there are
several features of organization that differ between ro-
dent species [Santiago et al., 2007]. First, while cortical
magnification (the disproportionate allocation of cortical
territory representing different body parts) is present in
all species, the overrepresented body parts are different
in different species and are not limited to the vibrissae.
The magnified representations include those for the lips,
buccal pads, teeth, and perioral hairs and the receptive
tields for neurons in these representations are generally
very small. For example, in the naked mole rat there is a
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cortical expansion of the incisors and other parts of the
face. The receptive fields for neurons that represent the
soft tissue of the face and mouth (e.g. the chin and buccal
pad) are extremely small compared to other body part
representations [see table 1 of Henry et al., 2006]. Like-
wise, the representation of the lips in squirrels is particu-
larly large, and receptive fields for neurons in this repre-
sentation are extremely small [Sur et al., 1978]. Finally,
the furry buccal pad representation of the capybara is
expanded, dwarfing the nearby vibrissae representation
[Campos and Welker, 1976].

The cortical magnification of a particular surface of
the body is associated with a specialization of the struc-
ture itself, which includes the presence of specialized re-
ceptor organs such as whiskers in rats and mice and body
hairs in the naked mole rat. Cortical magnification can

27

Brain Behav Evol



a Prairie Vole

forelimb

lips/teeth/oral

Campi et al. [2007]

¢ Grasshopper Mouse

Sarko et al. [2011]

Organization of S1

Chapin and Lin [1984]

d Naked Mole Rat

f Agouti

Fig. 17. Line drawings of the somatotopic
organization of Sl in the prairie vole (a),
rat (b), grasshopper mouse (c), naked mole
rat (d), squirrel (e), and agouti (f). Body
part representations have been color-cod-
ed. Note that while there are differences in
the specific facial structure representation
that is magnified in the cortex, cortical
magnification in rodents is mostly limited
to the representations of the head, face,
and mouth.

lower lip

upper lip

Pimentel-Souza et al. [1980]

Suretal.[1978]

O trunk/tail/genitals [l vibrissae
1:‘ T mm |:| hindlimb/foot . lips/perioral
[ forelimb/paw [ buccal pad

[] face/head/nose [[] teethand tongue

also be associated with the modification of receptor den-
sity in existing structures. Often, the structure in ques-
tion has become relatively large and mobile such as the
incisors of naked mole rats (which can open and close in-
dependently), the lips and buccal pads in squirrels and
capybaras, and the whiskers of rats. These structures con-
tribute to extraordinary sensory abilities, and in some
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cases can be used to manipulate objects (nuts, grass,
rocks, and food items) in the environment. An interesting
phenomenon in the rodent order that differs from the
primate order is that most specializations of the somato-
sensory system are of the structures of the face, snout,
and mouth and corresponding representations in the
cortex are enlarged, although rats and squirrels do have
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a Mouse

hindlimb

Carvell and Simons [1987]

Fabri and Burton [1991b]

e Squirrel

Nelson et al.[1979]
Krubitzer et al.[1986]

Organization of S2 and PV

b Grasshopper mouse ‘,

c Naked mole rat @

51 S2/PV s

1
S
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Sarko etal.[2011]
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Henry et al.[2006]

Remple et al.[2003]

f Agouti

forelimb

hindlimb

Pimentel-Souza et al.[1980]

Fig. 18. Line drawings of the dorsolateral cortex showing the loca-
tion of S1 in black outline and S2 and PV in dusty rose, with en-
larged drawings of the S2 and PV representations in the mouse (a),
grasshopper mouse (b), naked mole rat (c), rat (d), squirrel (e), and
agouti (f). All rodents have at least 1 field lateral to S1, and 4 of the
species shown here have a distinct second area, PV. It is difficult
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to determine the boundaries of PV and S2 in small-brained mam-
mals and thus it is designated as S2/PV. All S2/PV drawings are to
scale and all small brains are to scale (see separate scale barsin e).
Rostral is to the left; medial is up. In the printed version, colors
appear as stipple.
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Fig. 19. Line drawings of the dorsolateral
cortex showing the location of S1 in black
outline and 3a and Pm in dusty rose, with
enlarged drawings of Pm representations
in the rat (a) and 3a and Pm representa-
tions in the ground squirrel (b). All draw-
ings are to scale. Rostral is to the left; me-
dialis up. In the printed version, colors ap-
pear as stipple.
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distinct representations of the digits and pads of the
hand. While in primates a large portion of SI and other
sensory areas are devoted to the face and oral structures,
the primary specialization, and one that probably distin-
guishes them from all other orders of mammals, is the
specialization of the forelimb for object manipulation
(rather than for locomotion as in bats, cetaceans, and un-
gulates). This distinction is extremely important for un-
derstanding the organization and function of higher or-
der cortical areas, such as posterior parietal cortex, dis-
cussed below.

Among the other areas associated with somatosensory
processing in rodent parietal cortex, the second somato-
sensory area (S2) has been described in varying degrees
of detail in both electrophysiological and neuroanatomi-
cal studies in all rodents examined including porcupines
[Lende and Woolsey, 1956], rats [Welker and Sinha, 1972;
Fabri and Burton, 1991b; Remple et al., 2003; Brett-Green
et al., 2004; Benison et al., 2007], mice [Carvell and Si-
mons, 1987], squirrels [Nelson et al., 1979; Krubitzer et
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al., 1986], agoutis [Pimentel-Souza et al., 1980], prairie
voles [Campi et al., 2007], naked mole rats [Henry et al.,
2006], and grasshopper mice [Sarko et al., 2011]. Like S1,
S2 contains a representation of the contralateral body
and adjoins the caudolateral border of S1 at the represen-
tation of the nose and lips (fig. 18). It differs from S1 in
several ways. First, receptive fields are larger and neurons
are less responsive in the anesthetized preparation. Sec-
ond, the representation of the body is a mirror reversal of
SI1 and is thus ‘upright’ in the brain, with the head me-
dial and the hindlimb lateral. Finally, it is relatively small,
and while cortical magnification is still seen it is not as
exaggerated as in S1. In some rodents, such as prairie
voles, neurons in S2 (and the caudal portion of S1) also
respond to auditory stimulation (fig. 13). As noted below,
in very small-brained animals such as prairie voles and
grasshopper mice it is grouped together with PV.

Just lateral to S2 and caudolateral to S1 is a third small
representation of the contralateral body, the parietal ven-
tral area (PV) (fig. 18). This field was first described in
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detail in squirrels [Krubitzer et al., 1986] and was subse-
quently described in electrophysiological recording stud-
ies in rats [Remple et al., 2003; Brett-Green et al., 2004]
and naked mole rats [Henry et al., 2006]. In rats, PV joins
the representation of S2 at the representation of the distal
limbs, and S2, PV, and S1 share a common border at the
representation of the teeth in rats and naked mole rats
[Remple et al., 2003] and at the representation of the teeth
and lips in squirrels [Krubitzer et al., 1986]. Areas PV and
S2 are alike in their overall size and the receptive field size
of their neurons, but they differ in that PV is a mirror re-
versal of S2 and thus contains an ‘inverted’ representa-
tion of the body surface like S1 (fig. 18). In squirrels, there
is an auditory overlap in the caudal portion of PV in
which neurons respond to both somatic and auditory
stimulation [Krubitzer et al., 1986], and in rats there is an
overlap of somatosensory and auditory responses in S2 in
aregion called the multisensory zone (MZ) [Brett-Green
et al,, 2003]. Responsiveness to auditory stimulation has
not been tested in other animals in which dense electro-
physiological maps were generated [Remple et al., 2003;
Henry et al., 2006]. In small-brained animals such as the
grasshopper mouse and prairie vole, PV has been grouped
with S2 and termed S2/PV because distinguishing the 2
fields in very small brains is difficult. In fact, it is possible
that only 1 of these 2 fields exists in smaller-brained ani-
mals. Studies of connections will help to resolve this issue
because in rodents in which S2 and PV have been well
defined each receives a separate and distinct topographic
projection from S1 [Krubitzer et al., 1986; Fabri and Bur-
ton, 1991b]. Given the pervasiveness of the S2-PV so-
matosensory region in rodents and all other mammals
examined [Krubitzer, 1996; Qi and Kaas, 2008] this field
forms part of a common plan of organization in mam-
mals and therefore was likely present in the common an-
cestor of all mammals.

Electrophysiological recording studies of other
somatosensory areas are limited to ground squirrels
[Slutsky et al., 2000]. In cortex immediately rostral and
caudal to S1, neurons respond to stimulation of deep re-
ceptors of the contralateral body (fig. 19). Caudally, neu-
rons in the region termed the parietal medial area (Pm)
are difficult to drive and have large receptive fields. The
representation of body parts is very coarse but complete.
Although electrophysiological recordings in this caudal
cortex have not been performed in other rodents, studies
of connections of S1 in squirrels [Krubitzer et al., 1986],
as well as rats reveal very dense projections to this region
[Akers and Killackey, 1978; Fabri and Burton, 1991a; Lee
et al,, 2011]. Further, in rats the dysgranular zone within
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S1 projects very strongly to this region [Fabri and Burton,
1991a; Lee et al., 2011]. In rats this region is also termed
posterior parietal cortex (PPC) [Reep et al., 1994] and it
receives convergent sensory inputs from visual and so-
matosensory cortex and from nonprimary sensory nuclei
of the thalamus such as LD, LP, and Po. Thus, even in the
absence of electrophysiological recording data in rats,
cortex caudal to SI is associated with somatosensory and
multisensory processing. Although further study is need-
ed, we propose that Pm in squirrels and PPC in rats are
homologous and may be a primitive homolog to portions
of posterior parietal cortex (PPC) described in other
mammals such as primates [Lee et al., 2011].

A number of investigators have subdivided this region
and demonstrated that it is involved in generating frames
of reference for navigating the environment [Nitz, 2009],
and spatial attention, much like portions of posterior pa-
rietal cortex in primates [for review see Torrealba and
Valdes, 2008; Bucci, 2009; Reep and Corwin, 2009]. In
fact, Corwin and colleagues have developed compelling
models of hemi-neglect in rats induced with lesions to
PPC [King and Corwin, 1993; see Reep and Corwin,
2009, for review]. Like humans with hemineglect, these
rats have contralesional neglect of visual, somatic, and
auditory stimuli, as well as extinction and disorders of
spatial processing.

Two questions regarding PPC/Pm in rodents arise.
First, what portions of primate posterior parietal cortex,
if any, are homologous to this region? The relative size of
PPC/Pm in rats and squirrels is extremely small com-
pared to the highly expanded posterior parietal cortex of
primates. Second, do these potentially homologous re-
gions generate similar high-level functions in rodents
and monkeys given the remarkable differences in their
primary effectors? For example, rats rely heavily on in-
puts from the whiskers whereas primates rely on visual
inputs and proprioceptive inputs from the forelimb and
hand. Whiskers are not just passive tactile sensors. Like
the primate hand, rats’ whiskers are used for active touch
in which whisking movements are used like palpations
made by a monkey’s hand to explore objects to provide
information about immediate extrapersonal space. In-
deed, rats’ whiskers are used to estimate the shape and
location of the objects [Kleinfeld et al., 2006; Diamond et
al., 2008]. The sensorimotor integration necessary to pre-
cisely control the vibrissae occurs at all levels of process-
ing, but the process of identifying an object and how to
interact with it and then directing movements based on
that information occurs in the neocortex [Diamond et al.,
2008] such as divisions of PPC. One might expect that
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PPC/Pm in squirrels is somewhat differently organized
than in rats since squirrels rely more heavily on vision
compared to rats.

Just rostral to S1 and extending into S1 is a representa-
tion of deep receptors of the contralateral body, initially
termed the rostral field in squirrels [Slutsky et al., 2000].
Neurons here have large receptive fields, and the somato-
topy of the field is coarse (fig. 18). While the entire body
is represented in squirrels, there appears to be a magnifi-
cation of the forelimb and face representation. In recent
studies in ground squirrels in our laboratory, intracorti-
cal microstimulation combined with electrophysiologi-
cal recording revealed that movements of the body could
be evoked from this rostral region (fig. 22) [Cooke et al.,
2011]. We therefore proposed that this field plus the un-
responsive zone (UZ) is homologous to area 3a in pri-
mates and other species [fig. 20, Wong and Kaas, 2008;
Cooke et al., 2011]. In rats, there appears to be no field in
the precise location of area 3a except for the small transi-
tional zone (TZ) described in previous studies. We have
recently suggested that, collectively, this TZ plus dys-
granular cortex (DZ, located within S1) in rats is homolo-
gous to area 3a in squirrels. This of course rests on the
supposition that most or all of the nongranular cortex in
S1, sometimes proposed as separate regions, is really a
single field (e.g. DZ, TZ, and perhaps the septal space sur-
rounding barrels) [see Fabri and Burton, 1991a].

The proposed homologies between squirrel R/3a and
rat TZ+DZ are supported by several observations. First,
the appearance and response properties of DZ in rats
[Chapin and Lin, 1984] and 3a in squirrels [Slutsky et al.,
2000; Cooke et al., 2011] are similar. Second, the connec-
tions of the granular zone (GZ) and DZ within S1 are
substantially different. Specifically, rat GZ and squirrel
S1 receive inputs from the ventral posterior nucleus (VP)
of the thalamus while rat DZ and squirrel 3a receive input
from Pom. In addition, Alloway [2008] proposes that the
septal regions are more strongly related to motor path-
ways and involved in whisking behaviors than are granu-
lar regions [for review see Krubitzer and Kaas, 1987;
Cooke et al., 2007; Alloway, 2008]. Moreover, DZ in rats
and 3a/UZ in squirrels receive strong callosal input,
whereas GZ in rats and most of the myelinated regions in
squirrel S1 are acallosal [Akers and Killackey, 1978; Wise
and Jones, 1978; Gould, 1984]. Third, both DZ/septa in
rats and 3a in squirrels have dense projections to motor
cortex and cortex immediately caudal to S1 in PPC/Pm.

Our studies of motor cortex in squirrels suggest that
area 3a is involved in motor processing [Cooke et al.,
2011] (see below). As noted above, Alloway [2008] pro-

Brain Behav Evol

32

Rat and squirrel brains to scale

1;m

Rat

3a

&

Squirrel

Marmo@
4
AN
Tree Shrew

%

5
</

Flying Fox

/ o

From Cooke et al.[2011]

Fig. 20. Evolutionary relationship of some mammals with an
identified (or in the case of the rat, proposed) area 3a. Branch
lengths of the cladogram are not to scale. Each species is repre-
sented by a lateral view of a schematic brain showing 3a (red) or
the proposed 3a/DZ in rats, S1 (gray), and the primary auditory
and visual fields outlined in black. Adapted from Felleman et al.
[1983] for the cat, from Chapin and Lin [1984] for the rat, from
Krubitzer et al. [1997] for the tenrec, from Krubitzer et al. [1992]
for the flying fox, from Huffman and Krubitzer [2001] for the
marmoset, and from Wong and Kaas [2009] for the tree shrew. All
brains except those of the rat and squirrel are not to scale. Area 3a
is widespread in the mammalian lineage; this fact and shared
properties suggest that rat dysgranular cortex is homologous with
3a in squirrels in other mammals. In the printed version, red ap-
pears as dark gray.
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poses a sensory role for granular barrels and motor con-
trol function for septa. Further evidence for a motor role
for a traditionally ‘sensory’ field comes from a recent
study that found that whisker movements could be evoked
by electrical stimulation in mouse S1 [Matyas et al., 2010].
Interestingly, chemical inactivation of S1 prevented the
mouse from making normal sensory-evoked whisker re-
tractions, while inactivation of a whisker retraction site
in M1 had no effect on this behavior. Furthermore, M1
control of whisker retraction appeared to occur via S1,
while protraction occurred more directly from MI to
subcortical structures. Whether this provocative finding
of motor control in S1 is related to a possible 3a homolog
in mice is not yet known.

In other rodent species, such as prairie voles, naked
mole rats, and grasshopper mice, discontinuities in my-
elin/CO staining in S1 have been observed, but these thin
zones have not been mapped in detail. If area 3a/UZ and
DZ/septa are homologous in rats and squirrels, and if this
region is homologous to area 3a in other mammals, this
suggests that the ancestor of all rodents and all eutherians
had a full or partially embedded area 3a that in some lin-
eages segregated fully (primates) or partially (flying foxes
and some families of rodents such as squirrels) from S1
(fig. 20).

Taken together, the data indicate that all rodents have
at least 2 somatosensory areas: S1 and 1-2 lateral fields,
S2and PV (fig. 21). A fourth field, 3a/DZ, is also observed
in all rodents, although the geometric relationship of this
field with S1 is different in different animals. In some spe-
cies, such as squirrels, the field is located rostrally and is
only partially embedded in S1. In rats and mice (and pos-
sibly in other small-brained rodents) this field is fully em-
bedded in S1. This difference in geometric relationships
is likely due to the variety of selective pressures found in
different rodent lineages. In some species there may be
selection to conserve discrete receptive fields created
from thalamic inputs from the ventral posterior nucleus
(VP) that are uninterrupted by inputs from other tha-
lamic nuclei (e.g. Po) or callosal afferents (DZ/3a). This
allows for short intra-areal connections and increased
speed of processing from immediately adjacent body part
representations [Krubitzer et al., 1992]. In this scenario,
S1 would be relatively homogeneous (as in squirrels), with
few interruptions in representation. On the other hand,
selection for fully embedded fields, as in rats and mice,
would allow rapid communication between zones receiv-
ing different but complementary thalamic inputs neces-
sary for making rapid alterations in the movement of the
effector ensemble, such as vibrissae. Finally, some species
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of rodents such as rats and squirrels have an area of cortex
caudal to S1, PPC/Pm, that appears to carry out higher-
level functions often studied in primates. These include
integration of inputs from different modalities, spatial
navigation, attention, and monitoring of objects in im-
mediate extrapersonal space. PPC/Pm in rodents may be
homologous to portions of posterior parietal cortex de-
scribed in other mammals.

Motor Cortex

Several studies have examined the architecture and
connectivity of motor cortex in rats and mice [Donoghue
and Parham, 1983; Porter and White, 1983; Cicirata et al.,
1986; Alloway et al., 2009; Colechio and Alloway, 2009]
(see above for studies of cortical architecture). In some
studies, cortex immediately rostral to S1 is reported to
contain a small transitional zone with a reduced layer 4
compared to SI and moderate myelination [Chapin and
Lin, 1984; Wong and Kaas, 2008; Campi and Krubitzer,
2010; Cooke et al., 2011]. This field has been termed TZ
in some studies of rats, and area 3a in studies of squirrels,
and has been described in detail in the previous section
of this review. Other studies [e.g. Donoghue and Wise,
1982; Neafsey et al., 1986] propose a slightly different
scheme in rats encompassing a larger region rostral to S1
termed agranular cortex. Agranular cortex contains 2 ar-
chitectonic divisions termed the agranular lateral divi-
sion (AGI) and the agranular medial division (AGm). It is
thought that AGI is immediately rostral and even over-
lapping slightly with S1. This scheme is not too different
from the first scheme of organization since AGIl may in-
clude all of TZ and portions of DZ as discussed previ-
ously (as well as cortex rostral to this). AGI contains a
reduced layer 4 (granular layer), reduced myelin, and a
thicker pyramidal cell layer (layer 5), much like area 3a
of squirrels. This region has been termed Prcl and Prc2
by Zilles et al. [1980] (fig. 4) and matches the appearance
and location of AGl. AGm is rostromedial to AGI and
wraps onto the medial wall of cortex with a smaller por-
tion also bordering AGI rostrolaterally [Donoghue and
Wise, 1982]. AGm is described by Donoghue and Wise
[1982] as equivalent to the Prcm and Prc 3 of Zilles et al.
[1980].

Studies examining the functional organization of the
motor cortex have been limited mainly to rats [Hall and
Lindholm, 1974; Donoghue and Wise, 1982; Gioanni and
Lamarche, 1985; Neafsey et al., 1986; Kleim et al., 1998;
Brecht et al., 2004; Haiss and Schwarz, 2005; Ramana-

Brain Behav Evol 33



Somatosensory Cortex in Rodents
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Fig. 21. Line drawings of flattened cortical hemispheres depicting the location of S1 and other somatosensory
areas in somatosensory cortex in the mouse, rat, prairie vole, Nile grass rat, naked mole rat, California ground
squirrel, and eastern gray squirrel. S1: Primary somatosensory area (dark red), all other delineated somatosen-
sory areas are depicted in pink. All drawings are to scale. Rostral is to the left; medial is up. In the printed ver-
sion, colors appear as shades of gray.
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Fig. 22. Line drawings of the topographic
organization of M1 (AGI) as described in
different studies in rats (a-e), mice (f), and
squirrels (g). Despite the differences in
stimulation parameters and anesthetic,
the maps in rats generated in different lab-
oratories are remarkably similar. Some of
these drawings were generated by combin-
ing multiple maps from a single publica-
tion (such asin ¢). Some drawings are from
maps chosen from one of several that were
generated based on a particular current
threshold (d). The squirrel motor map
looks fractured compared to other maps,
but the general organization is similar.
Note that a second representation of the
forelimb located rostrally is observed in
some studies in rats (¢, d), mice (f), and
squirrels (g). Body part representations
have been color-coded. All drawings are to
scale (scale bar at lower left) except for the
mouse, which is presented at twice the
scale of other maps (scale bar below f).
Conventions are as in previous figures.
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than et al., 2006; Tandon et al., 2008]. The functional or-
ganization of motor cortex in the mouse [Li and Waters,
1991; Pronichev and Lenkov, 1998; Tennant et al., 2010],
and squirrel [Cooke et al., 2008, 2011] are limited and
only within the last year have full functional maps for
mice been generated [Tennant et al., 2010]. Earlier stud-
ies of mouse motor cortex do exist but are problematic.
One study used a mouse strain characterized by muscle
degeneration [Liand Waters, 1991]. Another yielded a rel-
atively small responsive area possibly as a result of the
anesthetic used [Pronichev and Lenkov, 1998]. The pau-
city of studies on rodent motor cortex is surprising given
the diversity in lifestyle of different species of this order,
the variability in terrain niche, locomotion, and naviga-
tion, and the specialization of effectors used to explore
the environment. For the most part, studies in which in-
tracortical microstimulation was used to explore func-
tional organization are in good agreement regarding the
number of motor fields in rodents, although the details
of organization can be different. In fact, describing and
illustrating the general organization of motor cortex in
rats and other rodents is difficult for several very impor-
tant reasons. First, several aspects are affected by the
stimulation parameters used, even in the hands of the
same team of investigators. Varying the stimulation fre-
quency and duration, Hall and Lindholm [1974; Young et
al., 2011] reported that the size of body part representa-
tions and even whole motor fields differ depending on the
characteristics of the stimulation waveform [compare
fig. 1 of Hall and Lindholm, 1974, with their fig. 6]. In
another study, in which stimulation duration was varied,
Ramanathan et al. [2006] found that short-duration
trains of current pulses evoke simple muscle twitches
while longer trains of stimulation evoke more elaborate
multi-body-part movements such as reaching and grasp-
ing [see fig. 3 of Ramanathan et al., 2006]. Second, the
type and level of anesthetic used can generate different
motor maps that are more or less inclusive in terms of
body part representations [see fig. 4 of Tandon et al,
2008]. Third, when movements generated at suprathresh-
old currents are considered, the locations and sizes of
body part representations shift [see fig. 5 of Tandon et al.,
2008]. Fourth, how an investigator groups their stimula-
tion sites can generate different-looking maps. For in-
stance, summaries of data in which general body part
movements are grouped can look different from the more
fractured maps that are generated when very specific
movements are segregated [see fig. 2 of Tennant et al,,
2010] (fig. 22). Finally, even when all of the parameters
described above are held constant, there appears to be a
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good deal of variability in individual cortical maps with-
in a population [see fig. 3 of Tandon et al., 2008; see fig. 2
of Tennant et al., 2010].

Considering these challenges of interpreting data
from motor mapping, there is relatively good agreement
between studies of the same species (fig. 22a-d) and be-
tween species (fig. 22). All studies define a large field,
termed M1, which is coextensive with AGI in rats and
thus partially overlaps with S1. Thresholds necessary to
evoke movements in this field are low (5-50 pA). In
squirrels, a large field has been identified that is coexten-
sive with the lightly-to-moderately myelinated cortex
rostral to area 3a, but it is difficult to determine a func-
tional boundary between areas 3a and M1 based solely on
microstimulation. In rats, M1 has a very gross somato-
topic organization that roughly mirrors the mediolateral
organization of S1 (fig. 22). The oral structures, including
the tongue, lips, and jaw, are represented rostrolaterally
in rat M1, and portions of the forelimb are represented
medial to this. Just rostral to the forelimb is the represen-
tation of the vibrissae, and medial to the forelimb is the
representation of the hind limb. Eye movements and eye
blinks can be evoked from a rostromedial location in this
field. The overall organization of M1 in mice and squir-
rels is similar, but the maps in these rodents appear to be
fractured, with splits in body part representations and
multiple representations of the same body part (fig. 22g)
[see fig. 2C-H of Tennant et al., 2010]. However, as noted
above, this may be due to a number of factors.

Rostral and medial to M1/AGl in rats (or perhaps in-
side the rostral portion of M1, depending on which orga-
nizational scheme is used) is a second representation of
the forelimb or rostral forelimb area (RFA) [Neafsey and
Sievert, 1982; Kleim et al., 1998; Brecht et al., 2004]. Com-
pared to movement representations of the caudal fore-
limb area, which tend to involve the elbow and shoulder,
the RFA is associated more closely with movements of the
digits [Neafsey and Sievert, 1982]. However, this trend is
reversed in the mouse [Tennant et al., 2010]. Neafsey and
Sievert [1982] argued that because there is no ‘rostral hind
limb area’ and because the RFA has similar stimulation
current thresholds to the rest of M1, it is not a separate
motor area but rather a part of M1 proper. Under this in-
terpretation, the RFA is part of a fractured M1 organiza-
tion. Subsequent studies in rats [e.g. Tandon et al., 2008],
mice [Tennant et al., 2010], and squirrels [Cooke et al.,
2011] have identified a rostral forelimb representation. It
should be noted, however, that the exact rostral boundary
of M1 and its relationship to the RFA and other motor
fields is not well established since these regions have usu-
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Fig. 23. Line drawings of flattened cortical hemispheres depicting the location of sensory and motor cortex in
the mouse, rat, prairie vole, Nile grass rat, naked mole rat, California ground squirrel, and eastern gray squir-
rel. There are dramatic differences in the amount of cortex devoted to different sensory domains, the relative
size of cortical fields, and the number of cortical fields in different animals. However, the similarities in orga-
nization indicate that these fields were present in the common ancestor of all rodents (inset). All drawings are
to scale. Rostral is to the left; medial is up.
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ally been explored in separate studies. An alternate hy-
pothesis is that the rostral forelimb movement region in
M1 is actually part of a second field, M2/SMA, that wraps
around the dorsal cortex and continues on the medial
wall to include representations of the vibrissae snout and
eye (fig. 22). A small hind limb representation (as in M1)
may not be present or may not have been observed in pre-
vious studies.

Since both AGI and AGm project to the spinal cord
[Wise et al., 1979], it is clear that both are involved in mo-
tor processing. However, some studies using 1 set of stim-
ulation parameters and anesthesia found stimulation-
evoked movements for all body parts at sites in AGI but
not AGm [Donoghue and Wise, 1982] and therefore ar-
gued that AGm is not part of M1 but instead might be
similar to SMA in other animals. In contrast, Neafsey et
al. [1986] did not find a complete muscle representation
in AGI but were able to evoke vibrissae and eye move-
ments from sites in AGm, which they likened to a rodent
frontal eye field. Brecht et al. [2004] present yet another
scheme in which M1 comprises AGl, AGm, and the cin-
gulate area 1 on the medial wall, which together represent
an entire set of movements of the body, with AGI repre-
senting most of the body, AGm the vibrissae, and cingu-
late area 1 eye and nose movements (fig. 22e). This last
paper proposes that some differences in the relative sizes
and borders of these fields may be due to the problem of
activating the excitable layer V and then resolving the ge-
ometry of the electrode angle with the steeply curving
cortex near the medial wall.

Taken together, studies in rats, mice, and squirrels
have revealed a large representation of movements of the
body, M1, which in many but not all reckonings is coex-
tensive with the architectonic region AGI. It is not clear
whether this functional field overlaps S1 in rats or if there
are actually 2 fields, one that is coextensive with area 3a/
TZ cortex (which is also distinct from S1) and one that is
M1 proper. Support for the latter proposition is provided
above in the section on somatosensory cortex. It is pos-
sible that a second field rostromedial to M1 and wrapping
onto the medial wall is present as well and corresponds
to architectonic area AGm. Interestingly, in rats this field
appears to be dominated by the representation of the
head, including the main somatosensory effectors of rats,
the whiskers. If it is not, in fact, part of M1, this field may
be homologous to the supplementary motor area (SMA)
described in other mammals such as primates based on
its location [Penfield and Welch, 1949; Woolsey et al.,
1952].
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Conclusions

There is a common plan of cortical organization that
rodents share that includes V1, V2, V3, S1, 3a (DZ+T7Z),
S2, PV, Al, AAF (R), TP, and M1. Given the ubiquity of
these fields in most rodents, and their presence in a num-
ber of other mammals [Krubitzer et al., 1995; Krubitzer,
2009], it is likely that the common ancestor of all rodents
had a cortical organization that included these fields
(tig. 23). In some species of rodents, additional visual
fields have evolved. In other species, such as the small-
brained subterranean naked mole rat, visual fields ap-
pear to be reduced. Auditory cortex has also undergone
similar expansions and contractions in different lineag-
es. Since most rodents have a relatively homogeneous S1,
the status of S1 in the common ancestor may have been
more like a squirrel with a partially embedded 3a/DZ; in
murine rodents in particular, an elaborate integration of
these 2 fields occurred, likely for swift and precise con-
trol of the whiskers. Asin all rodents examined, it is like-
ly that the facial morphology of the rodent common an-
cestor had an expanded representation.

Within the rodent order, there is considerable variabil-
ity in the amount of cortex devoted to different sensory
domains and to each area. When comparing homologous
fields, the details of representation are also highly vari-
able, the modular organization or extent of homogeneity
of representation is different, and neuron number and
density varies even within a species reared in different
conditions. Finally, the total number of cortical fields is
variable. These differences in sensory domain allocation,
cortical field size, cortical field number, and magnifica-
tion of representation are related to the morphological
and behavioral specializations of each species. Because
all behavior is mediated by the brain, and since the neo-
cortex subserves complex behaviors, it is not surprising
that differences at multiple levels of cortical organization
are observed. Such differences are likely to be present at
cellular and molecular levels as well.

When considering rodent models, it is critical to ful-
ly appreciate the extent of variability that rodents ex-
hibit both in brain organization and behavior. In our
quest for a ubiquitous animal model we sometimes ig-
nore or forget the remarkable diversity of animals that
evolution has produced. The push for translational stud-
ies in the neurosciences has moved us ever further from
the importance of describing and understanding the
possible. Of course, most current studies are driven by
the extraordinary molecular manipulations that can be
performed in mice, and we sometimes generate models
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of human behavior very far removed from the behavior
of the animal that serves as that model. This leads to
mouse models of higher-level function and dysfunction
such as schizophrenia and even language. Despite the
ease of performing molecular manipulations on 1 or 2
species of rodents, we should not settle for these models
alone since in many instances mice may not necessarily
be good models for other rodents, let alone humans.
Moreover, laboratory-reared animals may not be accu-
rate representatives of the species itself. Thus, when
choosing an animal model for any given question, it is

important to keep in mind the wonderful diversity that
evolution has wrought and, of course, that all rodents
are not the same.
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