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CHAPTERII

INTRODUCTION

Overview

Our understanding of the central nervous system in humans is based in large part
on studies of the CNS in other primates. The more species that show a specific trait (such
as the existence of primary motor cortex) or proportionality (such as the ratio of brain
size to body size), the more confident we are that the trait or proportionality has been
evolutionarily preserved and may be present in all primates. For this comparative
approach to understanding evolution we prefer to investigate a range of well-studied
animals throughout the phylogenic tree, as opposed to concentrating on a few intensely-
studied model species (Preuss, 2000).

With the comparative approach in mind, this dissertation is divided into three
projects presented in three different chapters. The first two are investigations of
marmoset frontoparietal cortex: firstly the normal organization, measured by
intracortical microstimulation (chapter two), and secondly the abnormal organization
after spinal cord lesion, measured by multiunit recordings (chapter three). During the
examination of spinal cord lesions, there were questions about how the spinal cord was
organized, how marmoset spinal cords compared to other primates. Since physiologic
studies of the spinal cord have proven difficult both in personal experience (unpublished)
and in a previous primate study (Moritz et al., 2007), I instead turned my attention to a

more general examination of spinal cords. Thus the third project is a comparative



analysis of the cellular organization of spinal cords in several primate species (chapter
four).

A brief overview of the three projects is provided in this introduction, with a more
detailed introduction provided within each chapter. The final chapter of the dissertation

is a summary of the findings for all three projects.

Frontoparietal cortex

For the purposes of this dissertation, frontoparietal cortex is defined as the cortical
region between prefrontal cortex (Brodmann’s areas 8, 45 and all frontal areas rostral to
it) and posterior parietal cortex (Brodmann’s area 5 and all parietal areas caudal to it)
(Brodmann, 1909). It is composed essentially of Brodmann’s areas 6, 4, 3, 1, and 2,
several motor and somatosensory areas surrounding the central sulcus or dimple in
primates. The motor areas rostral to the central sulcus or dimple include two regions.
The first is primary motor cortex, a single highly excitable area encoding late-stage
movements (Kaas and Stepniewska, 2002; Umilta et al., 2007). The second is a
collection of premotor areas, which can be divided into at least three areas (Luppino and
Rizzolatti, 2000): the supplementary motor area, involved in movement planning
(Donoghue and Sanes, 1994); the premotor dorsal area, involved in reaching and the
combination of spatial, visual, and somatosensory inputs (Wise et al., 1997); and the
premotor ventral area, involved in grasping and control of the hand (Kurata, 2007). The
somatosensory areas caudal to the central sulcus or dimple include at least three regions.
The first is area 3a, which mainly encodes proprioceptive information from muscle

spindle and other deep receptors (Kaas, 2004b). The second is area 3b, which mainly



encodes tactile or cutaneous information (Kaas, 1983). The third is a region caudal to
area 3b which, depending on the species, may be a combination of area 1, which responds
to cutaneous stimulation, and area 2, which responds to proprioceptive stimulation (Kaas,
1983; Padberg et al., 2007). Frontoparietal cortex can be expanded slightly to include
other areas, such as the frontal eye field and the lateral somatosensory areas S2 and PV,

but these areas are not the focus of chapters two and three.

Marmoset cortex

Common marmosets (Callithrix jacchus) are small primates belonging to the New
World monkey branch of arthopoid primates (Fig. 1), and are in an interesting
evolutionary position because of their size. Marmosets are smaller than most primates,
ranging from 100-750g (Fleagle, 1999). Older reports view marmosets as monkeys that
might resemble the size and features of the original primate ancestor (Herschkovitz 1977,
Beattie 1927, Le Gros Clark 1937). However, the majority of recent reports view
marmosets as a dwarfed species, having reduced in size from a larger primate ancestor
(Bloch and Boyer, 2002; Ford and Davis, 1992; Sussman and Kinzey, 1984). In dwarfed
species, the reduction in body size leads to a corresponding decrease in brain size
(Jerison, 1973). This reduction in brain size may in turn lead to modifications in cortical
organization. Modifications can occur in a number of ways including: 1) changes in the
amount of cortex devoted to a particular system such as the motor system, 2) changes in
the amount of cortex devoted a particular body part within a system, 3) changes in the
number of cortical areas, 4) changes in the types of cortical and subcortical connections,

and 5) the addition/subtraction of modules (Krubitzer and Kaas, 2005).
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Motor cortex has undergone a significant amount of modification between the
earliest mammals, who appear to lack a primary motor cortex (Beck et al., 1996; Frost et
al., 2000), rodents and tree shrews, who appear to have two motor areas (Donoghue and
Wise, 1982; Neafsey and Sievert, 1982; Remple et al., 2006; Remple et al., 2007),
prosimian and New World monkeys, who have several motor areas (Kaas, 2004a;
Stepniewska et al., 1993; Wu and Kaas, 2003), and Old World monkeys, who have
several motor areas (Matelli et al., 1985; Matelli et al., 1991; Rizzolatti et al., 1998) and
have subdivisions within each motor area (Preuss et al., 1997; Stepniewska et al., 2006).
Somatosensory cortex has likewise undergone a great deal of modification between the
earliest mammals, with five somatosensory areas and parallel thalamic projections,
rodents, with a primary somatosensory area but no identifiable areas 3a, 1, or 2 (Kaas,
1983), and New World and Old World monkeys, with areas 3b, 3a, 1, 2, and serial
processing from the thalamus (Kaas, 2004a). Due to this variability in somatomotor
systems across mammals, the organization of motor cortex in a dwarfed primate, as well
as somatosensory reorganization following dorsal column injury, is of particular interest.

Common marmosets are one of the few well-studied members of the
Callithricidae family of marmosets and tamarins (Fleagle, 1999; Murphy et al., 2001;
Purvis, 1995). Many aspects of visual cortex (Fritsches and Rosa, 1996; Lui et al., 2006;
Lyon and Kaas, 2001; Rosa and Elston, 1998; Rosa et al., 1997; Rosa et al., 2005;
Sengpiel et al., 1996), somatosensory cortex (Huffman and Krubitzer, 2001a; Huffman
and Krubitzer, 2001b; Krubitzer and Kaas, 1990; Krubitzer and Kaas, 1992; Qi et al.,
2002), and auditory cortex (Aitkin et al., 1988; Aitkin et al., 1986; de 1a Mothe et al.,

2006a; de la Mothe et al., 2006b; Kajikawa et al., 2005; Kajikawa et al., 2008; Philibert et



al., 2005) have been explored in this species, as well as some aspects of the prefrontal
cortex (Burman et al., 2006; Dias et al., 1996; Roberts and Wallis, 2000). Their sociality
and behavior have been observed (Addessi et al., 2007; Burkart et al., 2007; Kaplan and
Rogers, 2006; Lazaro-Perea et al., 2004; Przybyszewski et al., 2007), and marmosets
have been used as models of spinal injury (Iwanami et al., 2005) and Parkinsonism
(Jenner, 2004; Jenner et al., 1984; Kupsch et al., 2001; Nomoto et al., 1986). Despite all
of these investigations, the normal organization of the motor system in marmosets largely
has not been examined. While studies of connectivity (Huffman and Krubitzer, 2001a;
Huffman and Krubitzer, 2001b; Krubitzer and Kaas, 1990; Qi et al., 2002), and brief
examinations of architecture (Burman et al., 2006; Huffman and Krubitzer, 2001a) have
been performed, motor physiology has been studied only in one older paper (Mott et al.,
1909), and the methods of cortical stimulation have since been refined. I focused on the
physiology and architecture of frontoparietal cortex, which is the region of cortex with
the majority of corticospinal projections (Canedo, 1997; Nudo and Masterton, 1988;
Nudo et al., 1995). Our investigation (Burish et al., 2008), along with an investigation
published concurrently (Burman et al., 2008), provides a more complete picture of how
the somatomotor cortical system of marmosets is arranged.

After understanding the normal organization of frontoparietal cortex, I was
interested in how cortical organization changes following injury. Cortical zones that lose
peripheral input, such as the arm representation in somatosensory cortex after limb
amputation, do not remain silent. Instead cortical plasticity occurs, and cortical zones
adjacent to the arm such as the face and trunk enlarge to fill in the silent zone. Previous

work on this type of cortical reorganization in primates has been performed following a



range of injuries, such as nerve cuts (Garraghty et al., 1994; Garraghty and Kaas, 1991;
Kolarik et al., 1994; Merzenich et al., 1983a; Merzenich et al., 1983b; Silva et al., 1996),
amputations (Florence and Kaas, 1995; Florence et al., 1998; Merzenich et al., 1984),
rhizotomies or dorsal root cuts (Darian-Smith, 2004; Darian-Smith and Brown, 2000;
Pons et al., 1991), and dorsal column lesions (Jain et al., 1997). Little work, however,
has been performed in the Callithricidae family. Our method examined injury to the
dorsal columns of the spinal cord, the major spinal pathway conveying somatosensory
information to the cortex about fine touch, vibration, and proprioception (the position of
the limbs in space). Previous work on dorsal column injury has been limited,
investigated only in rats (Jain et al., 1995) and owl monkeys (Jain et al., 1997), and
observed in humans (Moore et al., 2000). Recovery from such an injury has important
implications for several human disorders that target the dorsal columns: traumatic injury
(Jackson et al., 2004), autoimmune disorders such as multiple sclerosis (Ropper et al.,
2005), congenital diseases such as Friedreich ataxia (Kasper and Harrison, 2005),
metabolic diseases such as vitamin B, deficency (Ropper et al., 2005), and infections
such as HIV (Petito et al., 1985), HTLV-1 (Osame et al., 1986), and syphilis (Kasper and
Harrison, 2005). As such, it is important for us to improve our understanding of the

dorsal column injury in animal models.

Spinal cord scaling

There are certain relationships, such as brain size to body size (Jerison, 1973) or
cortical gray matter volume to cortical neuron density (Prothero, 1997), which are

relatively constant in mammals. Animals with larger bodies have larger brains, and



animals with more gray matter have a lower neuron density. Using the known ratios for
these relationships, for example, it is possible to predict a given species’ neuron density if
we know its gray matter volume. Interesting cases arise when animals deviate
significantly from the standard ratio. Primates, for example, have abnormally large
brains for their body size.

These relationships can be expressed mathematically as straight lines on
logarithmic plots. The mathematical plots of biological relationships are called
allometric scaling rules, as they seem to dictate certain proportionalities in all mammals.
The mathematical plots offer no biological explanations and so are open to interpretation.
For example, the abnormally large brains of primates, and of humans in particular, have
been proposed as a source of increased intelligence and social complexity (Barton and
Dunbar, 1997).

In terms of the central nervous system, many allometric scaling rules have been
proposed (Changizi, 2001). These rules generally focus on the brain, especially the
cortex. In comparison, there has been much less investigation into scaling rules of the

spinal cord.
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CHAPTER II

MICROSTIMULATION AND ARCHITECTONICS OF FRONTOPARIETAL
CORTEX IN COMMON MARMOSETS (CALLITHRIX JACCHUS)
This chapter is reproduced from the published work by Burish MJ, Stepniewska I, and
Kaas JH. 2008. Microstimulation and architectonics of frontoparietal cortex in common
marmosets (Callithrix jacchus). J Comp Neurol 507(2):1151-1168. It is unaltered except
for deletion of the abstract and addition of an addendum at the end, which compares our

work to a similar paper released concurrently.

Introduction

In this study, we compared patterns of cortically evoked movements with cortical
architecture to define and characterize subdivisions of frontoparietal sensorimotor cortex
in marmosets. In other primates (Dum and Strick, 1991; Preuss et al., 1996; Rizzolatti et
al., 1998; Wu and Kaas, 1999), motor cortex is commonly divided into a primary motor
area (M1), dorsal (PMD) and ventral (PMV) premotor areas, and a supplementary motor
area (SMA). M1 is sometimes divided further into rostral and caudal divisions, as are
both the dorsal and ventral premotor areas. A frontal eye field is included as a
visuomotor area, and two or more motor areas have been defined in cingulate cortex of
the medial wall of the cerebral hemisphere. Movements can also be elicited by electrical
stimulation of area 3a of anterior parietal cortex, and sometimes of other areas of

somatosensory cortex as well. The purpose of the present study was to see to what extent
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the organization of motor functions in frontoparietal cortex of marmosets resembles that
of other primates.

Marmosets and tamarins belong to the Callitrichidae family of New World
monkeys. There are several reasons to consider the possibility that their frontoparietal
motor systems differ in organization from those of other studied primates. First,
Callitrichines are one of the oldest branches of the radiation of New World monkeys,
diverging from the Cebinae radiation (squirrel, cebus, and owl monkeys) over 30 million
years ago; another early branch led to the Atelidae family of howler, woolly, and spider
monkeys (Fleagle, 1999; Purvis, 1995). It is surprising that we know very little about the
cortical motor network in any member of this Callitrichine radiation, although visual
(Fritsches and Rosa, 1996; Lui et al., 2006; Lyon and Kaas, 2001; Rosa and Elston, 1998;
Rosa et al., 1997; Rosa et al., 2005; Sengpiel et al., 1996), auditory (Aitkin et al., 1988;
Aitkin et al., 1986; de la Mothe et al., 2006a; de la Mothe et al., 2006b; Kajikawa et al.,
2005; Philibert et al., 2005), and somatosensory (Huffman and Krubitzer, 2001a;
Huffman and Krubitzer, 2001b; Krubitzer and Kaas, 1990b; Krubitzer and Kaas, 1992;
Qi et al., 2002) cortical areas have been well studied. More importantly, marmosets are
unusual primates. They are the smallest of the New World monkeys (100-750g) and
have small brains (Fleagle, 1999; Herculano-Houzel et al., 2007). As brain functions and
organization are related to brain size (Jerison, 1973; Kaas, 2000), one wonders what sorts
of adjustments occurred in the brain as this line of primates evolved. We already know
that the somatosensory cortex of Callitrichines is unusual in that the cortex caudal to area
3b is relatively unresponsive to somatosensory stimuli, at least in anesthetized animals,

and there is no clear evidence for an area 2 representation (Carlson et al., 1986; Krubitzer
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and Kaas, 1990b). Finally, Callitrichines have unusual locomotor adaptations. In
particular, all digits except the great toe have claws rather than nails (Fleagle, 1999;
Sussman and Kinzey, 1984), allowing them to cling to the sides of trees like squirrels
(Cartmill, 1974). These and other features of the Callitrichine adaptation make them
interesting primates for further investigation.

In this report, we focus on the somatotopy and architecture of primary motor
cortex (M1) in marmosets. We also identify motor and architectural characteristics of
other areas of frontoparietal cortex. A preliminary description of this research has been

presented elsewhere (Burish et al., 2006).

Materials and methods

We performed intracortical microstimulation and architectural analysis on five
adult common marmosets (Callithrix jacchus jacchus). We limited our electrode
penetrations to the left hemispheres, leaving the right hemispheres unexposed and
unperturbed during the microstimulation session (Table 1). All ten hemispheres were
examined histologically. All procedures were approved by the Vanderbilt University
Institutional Animal Care and Use Committee and followed National Institutes of Health
guidelines.

Surgery and Microstimulation. Anesthesia was induced with an intramuscular injection
of ketamine (30 mg/kg) and xylazine (1-2 mg/kg) followed temporarily by 2% isoflurane
gas for surgical preparation and alignment in stereotaxic frame, and transferred to an
intravenous ketamine infusion (20 mg/ml maintaining a surgical anesthetic level)

supplemented with intramuscular xylazine (5 mg/kg). In three animals (cases 06-02,
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TABLE 1. Summary of intracortical microstimulation cases'

Case Plane of section Total ICMS sites Premotor M1 Area 3a Area 3b
06-35 Sagittal 172 16(23) 45(6) 18(4) 18(15)
06-27 Flat 224 15(28) 54(9) 27(3) 33(30)
06-48 Flat 226 20(31) 55(5) 36(5) 24(38)
06-13 Flat 209 16(26) 75(7) 33(5) 13(25)
06-02 Flat 150 0(9) 55(59) 6(21) 0(0)

ICase numbers are ordered as they appear in the paper. Weights (Wt.) are reported in
grams, and Plane represents the plane of tissue sectioning. Numbers for Premotor, M1,
area 3a, and area 3b represent responsive and (non-responsive) penetration points for
each area of the left hemisphere. ICMS, intracortical microstimulation.
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06-13, and 06-27), additional oxygen was delivered via tracheal intubation tube. In all
animals, a portion of the scalp, cranium, and dura was removed over the frontal and
parietal lobes in the left hemisphere and covered periodically either with saline or
silicone oil to prevent desiccation.

Intracortical microstimulation was performed with low-impedance tungsten
microelectrodes (Microprobe Inc., Potomac, MD). The electrode penetration sites were
marked on a high resolution photograph of the exposed cortex. Individual electrode
penetrations were placed into the cortex perpendicular to the pial surface at a depth of
1.6-1.8 mm, as this depth was optimal in preliminary experiments and is similar to
optimal depths in other New World monkeys (Gould et al., 1986; Stepniewska et al.,
1993; Wu and Kaas, 1999). For many electrode sites a range of depths were tested, from
as superficial as 1.5 mm to as deep as 2.4 mm.

As marmosets have no central sulcus or dimple, the location of primary motor
cortex was estimated based on bone landmarks and cortical surface vasculature, as well
as on the quality of motor responses that could be elicited. Multiple penetrations were
made in a grid pattern with 0.2 mm to 1.0 mm between penetration sites, avoiding surface
blood vessels. The stimulus consisted of a short monophasic train of 60 msec with a
single pulse duration of 0.2 msec and a frequency of 300 Hz, as in previous
microstimulation studies in New World monkeys (Gould et al., 1986; Stepniewska et al.,
1993; Wu and Kaas, 1999). The stimulus was delivered using a Master-8 Stimulator
(A.M.P.L., Jerusalem, Israel) connected to a stimulus isolation unit (Bak Electronics Inc.,

Mount Airy, MD).
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During the experimental session, evoked movements were observed by at least
two individuals and broadly classified into four body regions: facial movements (jaw,
lips, nose, cheek, vibrissae, eyelid, ear, and some neck movements), forelimb movements
(digit, wrist, elbow, and shoulder movements), trunk movements (lower trunk, upper
trunk, and some neck movements), and hindlimb movements (toe, ankle, knee, hip, and
tail movements). Movements of the pharynx/larynx were not examined, although some
movements classified as ‘neck’ could possibly reflect pharyngeal or upper trunk
movements. Movements of the tongue and eyes were examined but not observed in any
of the cases. A minority of stimulation sites evoked weak movements that were difficult
to classify; these ambiguous sites were noted more generally such as ‘shoulder/upper
trunk’ or ‘forelimb’. To be classified as a multi-joint site, such as ‘hip&toe,’ the site
must have elicited more than one joint or facial movement at the threshold current.
Threshold current was defined as the lowest value of current in which visible movements
were observed repeatedly (on almost every trial); for each penetration we recorded the
depth from which the lowest threshold movement was evoked. Stimulation first occurred
at 50-120 pA, levels suspected to be above threshold, then decreased as necessary.
Unresponsive penetration points were defined as points that did not elicit visible
movements at 120 pA or less. The limit of 120 pA was chosen as a trade-off between:

1) identifying motor areas requiring higher thresholds, and 2) restricting the current
spread to approximately 300 pm (Stoney et al., 1968). At the conclusion of the
microstimulation session, microlesions of 10 pA direct current were placed at some

penetration sites to mark physiologic borders.
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Perfusion and Histology. At the end of the microstimulation session each animal was
given a lethal dose of sodium pentobarbital, and when areflexive, the heart was exposed,
an incision made in the right atrium, and a needle inserted into the left ventricle at the
apex for perfusion. The animals were perfused with 0.9% phosphate-buffered saline
(PBS, pH 7.4), followed by 2-4% paraformaldehyde in PBS, followed by
paraformaldehyde and 10% sucrose in PBS. For sectioning, in most cases cortex was
separated from the rest of the brain, flattened, postfixed overnight in paraformaldehyde
and 10% sucrose in PBS, and transferred to 30% sucrose in PBS. The next day tissue
was cut parallel to the surface in 40 um sections. In one case (06-35) the brain was cut
into a block then cut in the sagittal plane in 40 pm sections. The following stains were
used: 1) Nissl substance, using cresyl violet, 2) cytochrome oxidase (Wong-Riley, 1979),
3) acetylcholinesterase (Geneser-Jensen and Blackstad, 1971), 4) Gallyas myelin stain
(Gallyas, 1979), and 5) immunohistochemistry using the antibody SMI-32, a mouse
monoclonal antibody to non-phosphorylated neurofilament H (Covance Inc., Princeton,
New Jersey; Lee et al., 1988; Sternberger and Sternberger, 1983). SMI-32
immunohistochemistry has previously been used to identify cortical motor areas in tree
shrews (Remple et al., 2006) and macaques (Gabernet et al., 1999; Geyer et al., 2000;
Preuss et al., 1997), and our pattern of SMI-32 staining is consistent with these works.
For SMI-32 reactions, sections were incubated in 0.3% hydrogen peroxide for 30 minutes
at room temperature, washed with 0.25% Triton in Tris-buffered saline (Tx/TBS, pH
7.5), and incubated with a 1:2000 dilution of SMI-32 primary antibody in 3% normal
horse serum and Tx/TBS for 48 hours at 4 ‘C. Sections were washed and processed

using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA), involving a
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1:200 dilution of biotinylated secondary antibody in Tx/TBS at room temperature for 2
hours, followed by a 1:100 dilution of ABC reagent in Tx/TBS at room temperature for 1
hour. Sections were developed using the VIP substrate kit (Vector Laboratories).
Anatomic reconstructions were performed using brain sections cut parallel to the
surface of manually flattened cortex (4 cases) or sections cut in the sagittal plane (1 case).
The tangential sections were divided into two or three series, with the first series stained
for myelin, the second for cytochrome oxidase, and in one case a third series stained for
acetylcholinesterase. Sagittal sections were divided into four series, with one-of-every-
four processed for Nissl, myelin, and SMI-32 antibody, and one-of-every-eight stained
for acetylcholinesterase or cytochrome oxidase. Sections were photographed on a Nikon
DXMI1200F digital camera attached to a Nikon Eclipse ES800 microscope (Nikon
Corporation, Melville, NY). JPEG images were generated directly using the Nikon ACT-
1 software. Tissue images were not altered except for uniform changes in contrast via the
Adobe Photoshop levels command (Adobe Systems Incorporated, San Jose, CA). Images
were imported into Adobe Illustrator (Adobe Systems Incorporated, San Jose, CA), and
borders of sensory and motor areas were outlined. For flattened sections in cases 06-02,
06-27, and 06-48, microlesions visible in the tissue were used to align multiple tissue
sections with each other, as well as with the physiologic data. For flattened sections in
one case (06-13), the microlesions were not visible, and alignment of histological
sections with the physiologic map was approximated based on anatomic landmarks
(medial wall and lateral sulcus) and the quality of the physiologic responses. For sagittal

sections, microlesions were used to align the physiologic map, and both microlesions and
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surface vasculature were used to align tissue sections; the myelin, Nissl, and SMI-32
sections were most useful in identifying borders.

Quantitative analysis. Threshold values for evoked movements were separated by area
(M1, 3a, 3b, and premotor) and analyzed. Premotor cortex was combined for quantitative
analysis, and included all parts of area 6 (encompassing SMA, PMD, and PMV). Areas
S2, PV, 1, and 2 were excluded from the analysis due to the paucity of evoked
movements. Calculations include threshold values from four cases (06-13, 06-27, 06-35,
and 06-48). The fifth case (06-02) was excluded from the calculations due to the paucity
of evoked responses. For M1 and area 3a, threshold values were further analyzed and
compared between: 1) different body representations (hindlimb, trunk, forelimb, and face
movements), and 2) proximal (shoulder, elbow, trunk, hip, knee, and tail) and distal
(wrist, digits, ankle, toes) movements. Values corresponding to ambiguous movements
were excluded from the comparisons of body representations and proximal versus distal
movements. Finally, M1 was also analyzed and compared between rostral, central, and
caudal M1 regions (either rostral and caudal halves or rostral, intermediate, and caudal
thirds). To evaluate differences between the areas, nonparametric statistical tests (Siegel
and Castellan, 1988) were calculated using Matlab (The MathWorks, Inc., Natick, MA)
and SPSS (SPSS Inc., Chicago, IL). Homogeneity of variance was tested using Levene’s
test. When homogeneous, Mann-Whitney U tests were used for comparisons between
two groups and Kruskal-Wallis tests for comparisons of more than two groups. When
not homogeneous, Kolmogorov-Smirnov tests were used for comparisons between two

groups.
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Results

Microstimulation mapping

We extensively stimulated the frontoparietal cortex involving motor, premotor,
and somatosensory areas in marmosets with intracortical microelectrodes and correlated
microstimulation results with the architectonic features of stimulated cortex. Our focus
was primary motor cortex, but we observed body movements from eight areas of
sensorimotor cortex (Fig. 1). Whereas movements were consistently evoked from M1
(and area 3a) with low current thresholds, premotor and most somatosensory areas were
much less excitable, as thresholds lower than or equal to 120 pA evoked fewer
movements from these areas.

Microstimulation of sites in frontoparietal cortex at near threshold current
typically evoked contralateral movements of a single joint or a single location on the
face: very rarely multi-joint or ipsilateral movements were elicited. Threshold values
varied from 2 to 120 pA and were generally lowest 1.6-1.8 mm from the pial surface.
The same movement could be evoked throughout the depth of the cortex at a single
electrode penetration site. When an electrode site was retested at a later time in the

experiment, the same movement as initially recorded was evoked.

Motor cortex

M1. Maps of primary motor cortex were obtained in five cases. Two of these maps were

incomplete (case 06-13 and case 06-02, not shown), but the results were consistent with
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Fig. 1. Proposed organization of frontoparietal cortex in the common marmoset. The location of
primary motor cortex is based on the electrophysiologic maps and cytoarchitecture of this study.
The locations of somatosensory areas were based on our results as well as previous studies of
primary somatosensory area 3b (Krubitzer and Kaas, 1990b), somatosensory area 3a (Huffman and
Krubitzer, 2001a), and the lateral somatosensory areas PV and S2 (Krubitzer and Kaas, 1990b; Qi
etal., 2002). Locations of SMA, PMD, and PMV are based on our results as well as the previous
subdivisions of 6m, 6d, and 6v from Burman et al. (2006). The relative locations of the frontal eye
field (Krubitzer and Kaas, 1990a), the auditory core (de la Mothe et al., 2006a; de la Mothe et al.,
2006b) and three visual areas V1, V2, and MT (Fritsches and Rosa, 1996; Rosa and Elston, 1998;
Rosa et al., 1997; Sengpiel et al., 1996) are also shown but were not examined in this study.
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the more extensive findings from the other cases. M1 occupies an area of frontal cortex
above the rostral portion of the lateral sulcus, extending approximately 2 mm
rostrocaudally and 10 mm mediolaterally. The median threshold value for evoked
movements at sites in M1 was 55 pA. Compared to other frontoparietal areas, current
thresholds for evoking movements from M1 were significantly lower than for premotor
cortex (median 80 pA, Mann-Whitney U-test, p=0.00007) and area 3b (median 75 pA,
Mann-Whitney U-test, p=0.0003), but not significantly different than for area 3a (median
60 pA, Mann-Whitney U-test, p=0.11).

Examination of body movements in M1 evoked by microstimulation revealed a
gross topographic representation from head to toe (Figs. 2-5). An orderly mediolateral
progression was apparent in all cases, with hindlimb movements evoked most medially,
followed by trunk, forelimb, and finally facial movements most laterally. There were,
however, a few exceptions to the mediolateral progression, with the hindlimb region
containing a single forelimb movement (Fig. 5), the trunk region containing shoulder,
elbow, and wrist movements (Fig. 4-5), and the face region containing elbow movements
(Fig. 4).

In the medial portion of M1, stimulation predominantly evoked movements of the
hindlimb. Hip movements were the most common, representing 80% of all penetration
points in this region, although the knee (2%), ankle (2%), toes (2%), and tail (4%) were
also represented in the medial M1 region. No ipsilateral movements were seen, and only
one multijoint movement could be clearly identified: one point eliciting hip and toe

movements in the rostromedial portion of M1 (Fig. 2). Electrode penetrations were not
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Fig. 2. Results of microstimuation mapping in the frontoparietal cortex of case 06-35. Solid lines indicate architec-
tonic borders (reconstructed from sagittal sections) and anatomic boundaries (medial wall and lateral sulcus). A long
dashed line indicates the approximate location of the lateral somatosensory areas (PV and S2). Short dashed lines
spanning M1 and area 3a indicate physiologic borders between the hindlimb (HL), trunk (TR), forelimb (FL), and face
(FA) regions, while dashed lines in premotor cortex show the approximate architectural borders of 6m, 6d. and 6v.
Black dots represent the locations of responsive penetration points, with threshold currents (in pA) and specific evoked
movements (see abbreviations) shown above and below each point. “X’s” represent the locations of penetration points
that did not evoke movements at 120pA or below. Stars mark the location of lesions. Orientation and scale are at
bottom right.
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Fig. 3. Results of microstimuation mapping in the frontoparietal cortex of case 06-27. Solid lines indicate architec-
tonic borders (reconstructed from flattened sections) and anatomic boundaries. The dashed lines running mediolater-
ally between PMC, M1, and area 3a indicate the approximate architectural borders. Dotted lines spanning rostrocau-
dally across M1 and area 3a indicate physiologic borders: note that the trunk regions in this case are small, with two
responsive points in M1 and none in area 3a. Black dots, “X’s”, and stars represent the locations of responsive
penetration points, unresponsive penetration points, and lesions. Threshold values (in pA) and movements (see
abbreviations) are shown. Two arrowheads near the 3b bend mark the location of a myelin-light septum seen in

histological sections. Scale and orientation are at bottom right.
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Fig. 4. Results of microstimuation mapping in the frontoparietal cortex of case 06-48. Solid lings indicate architec-
tonic borders for area 3b (reconstructed from flattened sections) and anatomic boundaries. Long dashed lines show
the approximate architectural borders for M1 and the lateral somatosensory areas (PV/S2). Short dotted lines
spanning rostrocaudally across M1 and area 3a indicate physiologic borders between the body regions. Note that in
the M1 trunk region of this case there is a collection of forelimb (and one hindlimb) movements, while in the M1 face
region there is a collection of forelimb movements in the middle. Additionally, there appears to be a zone between the
forclimb and face regions that is largely unresponsive, with one trunk movement, Black circles, “X’s”, and stars
represent the locations of responsive penetration points, unresponsive penetration points, and lesions. Threshold
values (in pA) and movements (see abbreviations) are shown. Two arrowheads near the 3b bend mark the location of
a myelin-light septum seen in histological sections. Scale and orientation are at bottom.
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Fig. 5. Results of microstimuation mapping in the frontoparietal cortex of case 06-13. Solid lines indicate architectonic borders
(reconstructed from flattened sections) and anatomic boundaries. Long dashed lines running mediolaterally show the approximate
architectural borders for M1. Dotted lines spanning rostrocaudally across M1 and area 3a indicate physiologic borders between the
body regions. The forearm/face border can be identified but microstimulation of the face region was incomplete. Ten penetration
points were cropped so that the figure could be enlarged: five unresponsive points in a line extending 3 mm rostrally from the
rostral-most “FL” site, and five points (3 jaw and 2 unresponsive) in a line extending 4 mm lateral to the lateral-most jaw site. Black
dots and “X’s” represent the locations of responsive and unresponsive penetration points, respectively. Threshold values (in pA) and
movements (see abbreviations) are shown. Two arrowheads near the 3b bend mark the location of'a myelin-light septum seen in
histological sections. Scale and orientation are at bottom.
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made in the medial-most portions of cortex near the superior sagittal sinus. Thus the
hindlimb representation of M1 may extend into cortex of the medial wall.

Trunk movements were evoked from a region of cortex immediately lateral to the
hindlimb representation in M1. This region was more variable in composition than the
parts of M1 devoted to hindlimb, forelimb, and face movements. It differed greatly in
size, being smaller in some cases (Figs. 2-3) and larger in others (Figs. 4-5).
Microstimulation sites in this region evoked mainly upper trunk movements (46% of all
penetration points in this region) as well as lower trunk (5%) and neck (8%) movements.
However, many non-trunk movements, such as shoulder (28%) and hip (5%) were
evoked, and some unresponsive sites were also found in this region. Many of the trunk
movements were bilateral, with the contralateral movement stronger than the ipsilateral
movement. Only one clear multijoint movement was seen (Fig. 2). Because of this
variability in evoked movements, the borders of the trunk representation of M1 with
hindlimb and forelimb were difficult to define. In the caudal half of M1, the hindlimb
representation even bordered directly with the forelimb (Fig. 3). A poorly defined trunk
region of M1, with interspersed forelimb movements and direct hindlimb/forelimb
borders, has also been observed in owl monkeys (Gould et al., 1986; Stepniewska et al.,
1993).

Forelimb movements were evoked from a large region of cortex lateral to the
trunk representation. No hindlimb or face movements were evoked from this region, and
no case had more than two sites eliciting movements of the trunk. Movements from the
contralateral shoulder, elbow, wrist, and digits were observed, including movement of a

single digit (Fig. 2). No ipsilateral movements were seen. Movements of proximal
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forelimb joints were more common than those of the distal joints (shoulder 33% and
elbow 46% of all penetration points tested, versus wrist 16% and digits 7%). The only
obvious multijoint movements were those of multiple digits, usually all 5 digits, but in
one case just digits 4 and 5 (Fig. 2) and in another case digits 1, 2, and 3 (Fig. 5). No
mediolateral somatotopy was apparent within the forelimb region, as types of movements
such as wrist (Fig. 3) were evoked from sites scattered across the region.

Face movements were evoked from a region of cortex just lateral to the region
where forelimb movements were evoked. Occasionally, forelimb movements were also
elicited from this territory. The majority of movements elicited from this region were
movements of the jaw (40% of all tested points) and neck (18%), although we also
observed movements of the lower lip (9%), cheek (7%), ear (7%), eyelid (4%), vibrissae
(2%), and nose (2%). No movements of the tongue or eyes were observed. One
ipsilateral movement of the neck (Fig. 2) and one dual movement of the eyelid and lower
lip (Fig. 5) were observed. As in the forelimb region, no mediolateral organization was
apparent, and movements of specific locations of the face such as the jaw (Fig. 4) were
scattered within the face region.

No significant differences in threshold values were found between points evoking
hindlimb, trunk, forelimb, and face movements in M1 (Kruskal-Wallis test, p=0.28), or
between points evoking proximal or distal movements (Mann-Whitney U-test, p=0.88).
Rostrocaudally, there was no significant difference in threshold values for evoked
movements between the rostral and caudal halves of M1 (Mann-Whitney U-test, p=0.11).
Additionally, there was no significant difference in M1 movement thresholds between the

rostral third and the intermediate third (Kolmogorov-Smirnov test, p=0.46). However,
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thresholds for the caudal third of M1 (median 50 pA) were significantly lower than those
of the intermediate third (median 65 pA, Kolmogorov-Smirnov test, p=0.008) and those
of the rostral third (median 60 pA, Mann-Whitney U-test, p=0.027). This could reflect
lower thresholds for sites along the caudal border of M1.
Premotor cortex. We examined all cortex immediately rostral to M1, equivalent to
SMA, PMD, and PMV in other primates. Movements at thresholds of 120 pA or less in
this premotor cortex (PMC) were most reliably evoked in a 1 mm band adjacent to M1.
The majority of sites in the regions of cortex presumed to be premotor cortex were
unresponsive. Generally a physiologic border between M1 and PMC could be
distinguished by higher threshold values in PMC and by the types of body movements
evoked (especially in the medial part of PMC). Due to the unresponsive sites in rostral
PMC, no physiologic border between premotor and prefrontal cortex was determined.
Movements were elicited throughout the mediolateral extent of PMC. In the
medial-most portion, movements of the hindlimb, trunk, forelimb, and face were evoked.
Studies in other primates have found a rostrocaudal organization of body movements in
this region, with hindlimb movements being most caudal and face movements most
rostral (Brinkman and Porter, 1979; Gould et al., 1986; Preuss et al., 1996; Welker et al.,
1957; Woolsey et al., 1952), but no obvious pattern was apparent in marmosets from the
few responsive sites in this study. The middle portion of PMC evoked movements of the
trunk and proximal forelimb; no movements of the wrist or digits were observed. The
lateral-most portion of PMC evoked movements of the face, including ipsilateral and

bilateral movements, as well as movements of the forelimb, including proximal and distal
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musculature. Finally, a few higher-threshold responses from area 6dr ((Burman et al.,

20006); Fig. 2), including forelimb and trunk, could be elicited.

Somatosensory cortex

Area 3a. Area 3a is located immediately caudal to M1 and extends approximately 1 mm
rostrocaudally and 10 mm mediolaterally. Significantly lower currents were necessary to
evoke threshold movements from area 3a than from premotor cortex (Mann-Whitney U-
test, p=0.018) and area 3b (Mann-Whitney U-test, p=0.041).

Body movements in area 3a were somatotopically represented in a mediolateral
order similar to that in M1, with hindlimb movements located most medially, followed by
trunk, forelimb, and then face most laterally. Borders between the hindlimb, trunk,
forelimb, and face representations were generally in similar locations in both area 3a and
M1, such that a continuous line could be drawn across the two areas. Mainly hip
movements (77% of all penetration sites tested) were evoked from the hindlimb region of
area 3a. Some toe (8%) and tail (12%) movements were evoked, with no knee or ankle
movements and only one non-hindlimb movement (Fig. 5). The 3a trunk region, like the
M1 trunk region, was highly variable and contained both trunk and forelimb movements.
In one case (Fig. 3) no trunk movements were elicited, and stimulation sites where
hindlimb movements were evoked directly bordered those where forelimb movements
were evoked. Only forelimb movements were evoked from the 3a forelimb region,
including a single digit movement (Fig. 2). The majority of penetration sites in the 3a
forelimb region elicited elbow movements (50% of tested sites), followed by shoulder

(20%), wrist (16%) and finally digit movements (5%). The 3a face region consisted
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entirely of sites where face movements were evoked, predominantly of the lower face
(jaw 58% of tested sites, lower lip 23%) although other face movements were also seen
(cheek 13%, eyelid 6%, upper lip 6%, neck 3%, nose 3%). No movements of the tongue,
eyes, or ears were seen. Ipsilateral face movements were seen in two cases (Figs. 3-4),
suggesting that area 3a may contain a motor representation of the ipsilateral face in its
most lateral portion (Iyengar et al., 2007; Kaas et al., 2006). As area 3a is narrow
compared to the adjacent areas M1 and 3b, we had fewer electrode penetration sites in
area 3a, but, at our electrode spacing, no mediolateral or rostrocaudal organization was
apparent within the hindlimb, trunk, forelimb, or face regions of area 3a. No significant
differences in threshold values were found between hindlimb, trunk, forelimb, and face
movements in area 3a or between proximal and distal movements (Kruskal-Wallis test,
p=0.18 and Mann-Whitney U-test, p=0.26, respectively).

Area 3b. Area 3b is similar in width to M1, spanning approximately 2 mm
rostrocaudally. Mediolaterally area 3b is much longer, however, extending
approximately 8 mm lateral to the midline before bending rostrally and extending 6 mm
further. No significant difference in currents evoking threshold movements was seen
between area 3b and premotor cortex (Mann-Whitney U-test, p=0.55). In our
experiments, stimulation of 3b sometimes yielded high threshold movements from the
hindlimb, trunk, forelimb, and face. Area 3b had a mediolateral motor organization
similar to that of M1 and area 3a, and one that matches its somatosensory representation
(Krubitzer and Kaas, 1990b). However, the majority of sites tested were unresponsive,
and the detailed organization of area 3b could not be determined from our stimulation

data.
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Other somatosensory areas. Previous studies in marmosets have revealed at least two
somatosensory areas near the lateral sulcus: area PV and area S2 (Krubitzer and Kaas,
1990b; Qi et al., 2002). In our study the majority of stimulation sites in PV and S2 were
unresponsive. However, high threshold face movements were evoked from both areas,
including movements of the lower lip, eyelid, and nose. In one case (Fig. 2), elbow
movements were evoked from the caudal portion, presumably area S2. No trunk or
hindlimb movements were seen in these lateral somatosensory areas.

Responses to cutaneous stimuli have also been identified in cortex caudal to area
3b in marmosets (Huffman and Krubitzer, 2001a; Krubitzer and Kaas, 1990b). There is
some debate on whether this cortex corresponds to area 1, area 2, area 5, or some
combination of these areas of other primates (Padberg et al., 2005). In the present study
this cortex was largely unresponsive to stimulation. However, a variety of movements
were evoked from this cortex at high current levels, including medial hindlimb
movements (hip and tail), a more lateral upper trunk movement, even more lateral
forelimb movements (shoulder and elbow), and face movements (eyelid and lower lip)
most laterally (Figs. 2-4). Even these few penetration sites suggest a mediolateral

organization of the caudal somatosensory area that is similar to that of area 3b.

Architectural mapping

Our architectonic material is based on six sagittal preparations (one left hemisphere, five

right hemispheres) and four flattened cortices (all left hemispheres).
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Sagittal sections

Motor cortex. The characteristic features of primary motor cortex, including large
pyramidal cells in layer V and an indistinct or missing layer IV, were observed in Nissl-
stained and SMI-32-immunoreacted sections in marmosets (Fig 6A-B). The sizes of
layer V pyramidal cells decreased in rostral M1 and more so in PMC. Within M1,
pyramidal cells were generally largest in medial sections and smallest in lateral sections,
making the PMC/M1 border more difficult to define laterally in Nissl-stained and SMI-
32-immunoreacted sections. In sections stained for myelin, M1 generally stained more
darkly in layers V and VI than either PMC or area 3a (Fig. 6C).

The primary motor cortex of marmosets was generally homogeneous in
appearance. Although previous studies have suggested that two (owl monkeys) or even
three (macaques) architectonic subdivisions exist within M1 (Preuss et al., 1997;
Stepniewska et al., 1993), we did not observe such divisions in marmosets. In our Nissl-
and acetylcholinesterase-stained sections of marmoset M1, no sharp change in pyramidal
cell size occurred between caudal and rostral M1, although there was a tendency for
pyramidal cell size to be larger in caudal portions of M1 and to decrease gradually near
the PMC border. Differences in SMI-32 immunoreactivity were not evident in marmoset
M1.

PMC in marmosets has recently been subdivided into three areas (6m, 6d, and 6v)
based on the pattern of myelination; a fourth region (6dr) has also been identified which
contains architectural features of both premotor and prefrontal regions (Burman et al.,
2006). The borders between subdivisions of area 6 could be distinguished in sagittal and

coronal sections (not shown). Although not always visible, a thin myelin-light region
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Fig. 6. Architecture of sagittal sections in the right hemisphere of case 06-02. Adjacent
sections were stained with cresyl violet (Nissl) (A), immunoreacted with SMI-32 antibody
(B), or stained for myelinated fibers (C). Arrowheads mark boundaries between areas.
Rostral is to the left. Scale bar = 1 mm and applies to all sections.
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between the bands of Baillarger could be identified in areas 6m and 6v of some sections
that was absent in 6d, as previously described (Burman et al., 2006).

Somatosensory cortex. The characteristic features of area 3b, including well-defined
layers IV and VI surrounding a thin layer V with small pyramidal cells, were apparent in
our Nissl-stained sections (Fig. 6A). In SMI-32-immunoreacted sections the thinness of
layer V was especially apparent, and layer IV was weakly immunoreactive for SMI-32
antibody (Fig. 6B). In myelin-stained sections, the deeper layers of area 3b stained more
darkly than the surrounding areas (Fig. 6C).

Area 3a, located adjacent to M1 rostrally and area 3b caudally, had characteristics
that were intermediate between those of M1 and 3b in Nissl-stained and SMI-32-
immunoreacted sections. Area 3a had both large layer V pyramidal cells, a characteristic
of M1 that can best be seen in the Nissl stained section (Fig. 6A), as well as an
identifiable layer IV, a characteristic of area 3b best seen as an SMI-32 light region
between the darker layers III and V (Fig. 6B). In myelin-stained sections, area 3a
generally stained more lightly than either area 3b or M1. Area 3a was also thinner
rostrocaudally, being approximately half the length of either M1 or 3b.

Cortex immediately caudal to area 3b was characterized by a prominent layer IV
and a well-defined layer V in Nissl-stained and SMI-32-immunoreactive sections.
Moreover, in SMI-32 sections layers III and V were more immunoreactive than in area
3b. In myelin-stained sections this caudal area generally stained more lightly than area
3b. Previous investigators have been uncertain whether cortex immediately caudal to
area 3b in marmosets more clearly resembles area 1, area 2, or area 5 of other primates

(Padberg et al., 2005), as the identities of these areas can be difficult to define based on
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architectonics alone (see Qi et al., 2007). By position, the cortex is area 1. As expected

for area 1, it does receive dense projections from area 3b (Krubitzer and Kaas, 1990b).

Sections of flattened cortex
Architectonic subdivisions of sensorimotor cortex reconstructed for flattened cortices
were made by identifying architectonic boundaries in individual sections cut parallel to
the surface and reacted for myelinated fibers, cytochrome oxidase, or, in one case,
acetylcholinesterase. The borders determined in individual sections were then compared
and superimposed to yield the composite border. Area 3b was the most distinct area in
all the preparations, identified as a myelin, cytochrome oxidase (Fig. 7), and
acetylcholinesterase-dense region extending from the medial wall toward the lateral
sulcus and angling rostrally above the lateral sulcus. Myelin staining was patchy along
the mediolateral length of area 3b, as in previous descriptions (Huffman and Krubitzer,
2001a; Krubitzer and Kaas, 1990b). Several patches of lightly myelinated fibers were
observed in all of our cases, especially in the lateral part of area 3b. Above the 3b bend a
myelin-light septum was observed (Fig. 7C) near the forearm-face border (Fang et al.,
2002; Krubitzer and Kaas, 1990b). Below the 3b bend several myelin-light patches could
be seen, reflecting the modular arrangement of contralateral and ipsilateral face in this
area (Kaas et al., 2006). These lighter septal regions were less obvious in sections
reacted for cytochrome oxidase (Fig. 7D-F).

In sagittal sections stained for myelin both M1 and 3b were darker than the
surrounding areas, suggesting that area 3a represents a myelin-light band between the two

areas. A light band could be seen in some cortical sections cut parallel to the surface,
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Fig. 7. Architecture of flattened sections reacted for myelinated fibers and cytochrome oxidase. A:
Schematic outline of borders identified in case 06-13. Dashed lines in A and D represent borders
that were not visualized in all sections. B: Section of frontoparietal cortex stained with myelin in
case 06-13. C: A close-up of the bend in area 3b. White arrowheads indicate a myelin-light
septum which marks the forearm-face border. D: Schematic outline of borders identified in case
06-27. Stars in D represent lesions made during microstimulation mapping, and were not visible in
case 06-13. E: Section of frontoparietal cortex stained with cytochrome oxidase in case 06-27. F:
More superficial section of frontoparietal cortex stained with cytochrome oxidase in case 06-27.
Every-third section was stained for cytochrome oxidase, thus E and F are 80 um apart. In A-E,
rostral is to the left, medial is up. Scale bar in A is 2 mm and also applies to B, D, E, and F. Scale
bar in C is 2 mm.

43



44



immediately rostral to area 3b. This band of lighter cortex, however, was not always
distinct in our material. Because the rostral border of area 3b was consistently identified
in sections from flattened cortex, the border with area 3a was reliably demonstrated.
Area 3a was less myelinated and expressed less cytochrome oxidase than area 3b (Fig. 7).
However, differences between area 3a and M1 were not always obvious in sections cut
parallel to the cortical surface. Area 3a has been identified as a myelin-light region in
sections cut parallel to the surface in one previous study (Huffman and Krubitzer, 2001a)
but not in another (Krubitzer and Kaas, 1990b). To reflect this uncertainty, our 3a/M1
border is identified with a dashed line in sections from flattened cortex. The M1/PMC
border could be distinguished by darker myelin staining and lighter cytochrome oxidase
staining in M1 for some flattened sections but not others, and is thus also marked with a
dashed line. Although a previous study has described SMA as a myelin-dense region
(Krubitzer and Kaas, 1990b), we could not distinguish SMA from the dorsolateral
premotor cortex in flattened sections, nor could we identify a premotor/prefrontal border.
As in previous studies (Krubitzer and Kaas, 1990b; Qi et al., 2002), the lateral
somatosensory areas PV and S2 were difficult to distinguish in surface-view sections.

A similar pattern to that of myelin was observed in sections stained for
acetylcholinesterase (not shown), where area 3b was easily identifiable but areas 3a and

M1 were more difficult to distinguish.

Discussion

We used intracortical microstimulation and histological staining to examine the

organization of frontoparietal cortex in common marmosets. Our focus was primary
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motor cortex, but we also examined evoked movements and architecture for several
somatosensory areas (3a, 3b, PV, S2, and presumptive area 1) and premotor areas (6m,
6d, 6v, and 6dr). We now review our findings and compare them to architectonic and
recording studies of frontoparietal cortex in marmosets, as well as microstimulation

studies of frontoparietal cortex in other primates.

Electrophysiology and architectonics of primary motor cortex

The values of stimulating current needed to evoke just noticeable (threshold)
movements of body parts were lower for M1 than any other area examined, although they
were not significantly lower than area 3a. Primary motor cortex showed a full range of
body movements from head to toe, consisting mostly of single-joint movements of the
contralateral body. The mediolateral topography of M1 was organized broadly into
regions devoted to the hindlimb, trunk, forelimb, and face, but within each region
movements were scattered. Cytoarchitectonically M1 in common marmosets is an
agranular region with large layer V pyramidal cells (Betz cells). Although there appear
to be no modern stimulation studies of motor cortex in marmosets, an early architectonic
study of neocortex in marmosets (Hapale) included results of stimulating frontal cortex
with surface electrodes in two animals (Mott et al., 1909). The results provided little
information about the location or organization of M1, as movements were evoked from
scattered sites across most of frontal cortex, with most of the movements involving the
eyes, face, or mouth. Architectonically, Mott et al. (1909) defined a motor area with

large pyramidal cells that included our present M1, but was considerably larger (perhaps
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influenced by their physiological results). Their motor area B, with a “distinct band of
granule cells,” overlaps the lateral parts of the present areas 3b and 3a.

Other early architectonic studies of motor and other areas of neocortex of
marmosets include those of Brodmann (1909) and Peden and von Bonin (1947).
Brodmann (1909) described an area comparable to our area 3b (primary somatosensory
cortex) as a composite of areas 1-3, concluding that areas 3,1, and 2 of other anthropoid
primates were combined in marmosets. An area 3a was not recognized, and Brodmann’s
area 4 overlapped our M1 but was considerably larger medially, where it would include
regions we excluded as belonging to PMD or SMA. Peden and von Bonin (1947)
demonstrated an area PB that corresponds well to Brodmann’s areas 1-3 and our area 3b,
a “transition zone” with granular cells and pyramidal cells that corresponds to our area
3a, and a frontal area FA of large pyramidal cells that would include our M1 but is also
somewhat larger medially, though less so that Brodmann’s area 4. Clearly, these early
investigators recognized the M1 region and other areas in marmosets, although the rostral
border of medial M1 may have been misplaced.

In more modern studies, the architectonic border between M1 and premotor
cortex was defined by Burman et al. (2006) in a location that closely corresponds to that
of the present study. An area 3a of dysgranular cortex with larger layer V pyramidal cells
and reduced myelination was outlined by Huffman and Krubitzer (2001a) in close
agreement with present results. Modern studies have also identified M1 of marmosets as
a region rostral to somatosensory cortex and have described connections of M1 with
areas of somatosensory cortex, as well as motor nuclei of the thalamus (Huffman and

Krubitzer, 2001a; Huffman and Krubitzer, 2001b; Krubitzer and Kaas, 1990b; Qi et al.,
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2002). All these results indicate that M1 in common marmosets is homologous to
primary motor cortex described in other primate species (Gould et al., 1986; Qi et al.,
2000; Waters et al., 1990; Wu et al., 2000; Wu and Kaas, 1999), and suggest that the
boundaries proposed in the present study are at least approximately accurate. However,
some differences were noted between M1 in marmosets and other species, as presented
below.

Threshold values of primary motor cortex. The threshold for movements evoked from
M1 in marmosets has a median value of 55pA and an average value of 60 + 2 pA (mean
+ standard error of the mean), thus higher than those found in owl monkeys (Stepniewska
et al., 1993) or galagos (Wu et al., 2000). Very low threshold values are also present in
M1 of marmosets, as we were able to obtain some responses below 10pA, but many
penetration points gave responses that were much higher than expected. One possibility
is that we were not stimulating in layer V, but multiple depths were often tested for each
penetration point, and the very low thresholds for some penetration points suggests that
our range of depths included layer V. Another possibility is choice of anesthetic.
However, ketamine and xylazine were also used in owl monkey motor experiments in
similar dosages (Preuss et al., 1996; Stepniewska et al., 1993), and in marmosets
ketamine and xylazine have been used successfully in somatosensory, visual, and
auditory experiments (de la Mothe et al., 2006a; de la Mothe et al., 2006b; Huffman and
Krubitzer, 2001a; Huffman and Krubitzer, 2001b; Kajikawa et al., 2005; Lyon and Kaas,
2001; Qi et al., 2002; Rosa et al., 2005). The level of anesthetic is another possibility,
although our criteria for maintaining proper anesthetic level closely follow the previous

experiments in owl monkeys (Preuss et al., 1996; Stepniewska et al., 1993). Other

48



considerations, such as the density of pyramidal cells in layer V, the size of pyramidal
cells in layer V, or the nature of corticospinal projections from M1, have not been
investigated. A small number of primates, including prosimians and common marmosets,
may not have direct corticomotoneuronal connections, suggesting a fundamental
difference in motor organization and dexterity (for review see Lemon and Griffiths,
2005). Whether this paucity of corticomotoneuronal inputs is related to increased
threshold values in M1 is not clear, as the prosimian galago has lower threshold values
than the common marmoset.

Organization of forelimb and face movements in M1. Previous studies in Old World
primates have proposed a horseshoe organization in the forelimb region, with proximal
movements located externally and distal movements internally (Kwan et al., 1978; Sessle
and Wiesendanger, 1982). However, this finding has not been found in other studies
(Donoghue et al., 1992; Gould et al., 1986; Huntley and Jones, 1991; Stepniewska et al.,
1993; Waters et al., 1990). We found no such horseshoe pattern in the forelimb region of
marmosets. Instead, the results better fit the mosaic pattern of repetition and mixing of
representation modules as proposed by Gould et al. (1986).

The border between forelimb and face was well-defined, and in all cases
unresponsive points were found near this border. In one case (Fig. 4) there appeared to
be a thin, largely unresponsive strip of cortex in between the face and forelimb in both
MI and area 3a. In our other cases, however, this thin strip of unresponsive cortex was
not found. A previous study on Old World primates suggested the existence of an

unresponsive patch of cortex between the forelimb and face in M1 (Waters et al., 1990),
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but this has not been found in other studies (Gould et al., 1986; Huntley and Jones, 1991;
Sessle and Wiesendanger, 1982; Stepniewska et al., 1993).

Finally, while we observed a variety of face movements, no movements of the
oral cavity were seen in our experiments. Movements of the tongue have been elicited
from primary motor cortex in the prosimian galago (Wu et al., 2000), the New World owl
monkey (Gould et al., 1986; Preuss et al., 1996), and New World squirrel monkey (Wu
and Kaas, 1999). Additionally, a cortical region evoking tongue movements has been
identified near the lateral sulcus in the saddle-backed tamarin Sanguinus fuscicollis
(Alipour et al., 2002), a species belonging to the same New World family as the common
marmoset. A more detailed examination of the lateral regions of motor cortex is
necessary to examine potential tongue movements in common marmosets.

Are there subdivisions of M1 in the marmoset? The cortical cytoarchitecture of
marmoset brains, specifically the size of layer V pyramidal cells, appears more
homogenous in M1 than in other New World or Old World primates. Clear borders
subdividing M1 into halves or thirds were not apparent. However, there was a tendency
for pyramidal cell size to be larger caudally and gradually decrease rostrally.
Additionally there were significant differences in threshold values comparing the caudal
third of M1 to the intermediate and rostral thirds, although no significant differences were
found when comparing the rostral third to the intermediate third. Other features of M1
subdivisions, such as differences in proprioceptive and cutaneous inputs (Strick and
Preston, 1982) or premotor and somatosensory connections (Stepniewska et al., 1993),
cannot be addressed here. Our architectonic and physiologic data suggest a more subtle

rostrocaudal difference in M1 than architectonic and physiologic data in other New
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World or Old World primates. However, our data is insufficient, and additional
information on connectivity patterns is essential for a complete characterization of

subdivisions in M1.

Evidence of premotor areas in marmosets

In all cases we were able to elicit responses from cortex rostral to the primary
motor area. These responsive points were high threshold, sparse, and generally close to
the M1 border. The most medial points appeared to have a full body representation
organized rostrocaudally. The more lateral points consisted mainly of shoulder, elbow,
and trunk movements, while the most lateral points consisted entirely of forearm and face
movements. In a recent cytoarchitectural study, Burman et al. (2006) identified
subdivisions of area 6 (6m, 6d, 6v), that correspond roughly to our medial, more lateral,
and most lateral points.

Studies of motor cortex in New World owl monkeys (Preuss et al., 1996) and
prosimian galagos (Wu et al., 2000) have proposed several areas rostral to M1 with
higher average thresholds, including: 1) a supplementary motor area with a topographic,
rostrocaudal representation of the body (face and forelimb rostral, hindlimb caudal); 2) a
dorsal premotor area with a complete body representation and a predominance of
proximal (shoulder and elbow) movements in the forelimb region; and 3) a ventral
premotor area of orofacial and forelimb movements. The evidence from other primates,
when compared to the marmoset frontal cytoarchitecture and stimulation results in this
paper, suggest that areas 6m, 6d, 6v in the marmoset may be homologous to the motor

areas SMA, PMD, and PMV of other primates. As our responses were sparse and no
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responses were recorded in more rostral or medial areas, we cannot comment on the
detailed physiology of premotor cortex, on the possible subdivisions of PMD and PMV,
on other motor areas such as pre-SMA or cingulate motor areas, or on the nature of area
6dr identified by Burman et al. (2006). Additional investigations, perhaps using other
anesthetic parameters or higher levels of stimulation, are needed to characterize other
regions of motor cortex in the marmoset.

Movements of the eyes. Although no movements of the eyes were observed in any of our
cases, marmosets likely have a cortical area devoted to these movements. A putative
frontal eye field (FEF) has been identified based on physiologic responses in common
marmosets (Blum et al., 1982; Krubitzer and Kaas, 1990a). Krubitzer and Kaas (1990a)
placed FEF immediately rostral to their motor region M. We did not find eye movements
immediately rostral to the lateral part of area M1, as would be expected from the
proposed map, but threshold values for evoking eye movements in FEF have been found
much higher than our limit of 120 pA (Stepniewska et al., 1993; Wu et al., 2000).
Additionally, we found area 3a to be smaller and premotor cortex to be larger in
rostrocaudal length than proposed by Krubitzer and Kaas (1990a). Based the
rostrocaudal lengths of area 3a, M1, and the premotor areas found in our study, and in
Burman et al. (2006), we propose that the FEF is located approximately 4 mm rostral to
area 3b, as suggested by Krubitzer and Kaas (1990a), and that area 3a, M1, and the

premotor areas all lie between area 3b and FEF (Fig. 1).
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Electrophysiology and architectonics of somatosensory cortex

Size of area 3a. Area 3a appears to have a similar motor organization to M1, with a
mediolateral organization of hindlimb/trunk/forelimb/face regions and a disordered
topography within these four regions, where movements of specific joints and specific
parts of the face were sometimes scattered into multiple locations. Our stimulation data
is consistent with the somatotopy revealed when recording from area 3a of marmosets,
which revealed a mediolateral organization from hindlimb to face (Huffman and
Krubitzer, 2001a).

While Huffman and Krubitzer (2001a) noted variability between individuals in
the rostrocaudal width of area 3a (between 1-2.5 mm), our cytoarchitectonic results
outline area 3a as a region approximately 1 mm in rostrocaudal length, approximately
half the length of either 3b or M1. We suggest that the rostrocaudal width of area 3a is
closer to the minimum width of 1 mm proposed by Huffman and Krubitzer (2001a).

Possibly, some of M1 was included in area 3a by Huffman and Krubitzer (2001a)
as a result of recordings in M1 that were similar to that of area 3a. A thalamocortical
study of area 3a and M1 by Huffman and Krubitzer (2001b) suggests that M1 has
connections to thalamic motor areas, while area 3a appeared to be a hybrid region with
connections to somatosensory areas of the thalamus and, unexpectedly, with strong
connections to motor areas of thalamus. Injections in rostral area 3a revealed
connectivity patterns similar to those of motor areas, with more extensive connections
with both the motor thalamus and areas of premotor cortex. This finding suggests that
the injections involved M1, and that the M1/3a border was located more caudally than

illustrated. Consistent with this interpretation, Huffman and Krubitzer (2001a) show in
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some cases that their histologically-defined M1 has some sites with responses to the
stimulation of deep (muscle and joint) receptors.

Organization of area 3b. Recording studies indicate that area 3b has a fairly precise
somatotopic representation of cutaneous receptors of the contralateral body (Krubitzer
and Kaas, 1990b). Sites responding to a certain body part are not scattered as those for
evoked movements in M1 or area 3a, but rather adjacent body parts are adjacent to one
another. Similar to previous studies, our experiment has found two exceptions to the
continuous orderly progression of the body in area 3b. First, there is a transition from the
hand to the face near the 3b bend, and this border has been related histologically to a thin
rostrocaudal strip of myelin-light tissue that can be seen in flattened sections (Fang et al.,
2002; Krubitzer and Kaas, 1990b). In our cases reconstructed from flattened sections
(Fig. 3-5), the myelin-light strip of tissue is in the general location of the forelimb/face
border, although in our microstimulation experiments elbow movements rather than hand
movements were evoked just medial to that border. Second, area 3b has a representation
of ipsilateral face in the most rostrolateral part (Iyengar et al., 2007; Kaas et al., 2006). In
one of our cases (Fig. 4) we elicited movements of the ipsilateral face in very lateral-most

parts of 3b.

Evolution of motor cortex

The organization of motor cortex varies across mammals. In mammals such as
opossums (Beck et al., 1996; Frost et al., 2000), motor areas may be completely missing,
with cortical motor functions dependent on areas of somatosensory cortex. In most or all

Eutherian mammals, M1 is distinct and one or more premotor areas may exist. Rats
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(Donoghue and Wise, 1982; Neafsey and Sievert, 1982) and more recently tree shrews
(Remple et al., 2006; Remple et al., 2007) both appear to have an M1 and at least one
premotor area. Prosimian primates (Wu et al., 2000) have several premotor areas, while
New World and Old World primates have M1 and premotor areas that can be subdivided
(Kaas, 2004; Stepniewska et al., 1993; Stepniewska et al., 2006). Our data suggests that
M1 in marmosets may have some rostrocaudal heterogeneity but it is not clearly
subdivided. Marmoset M1, then, may be similar to that of prosimians such as galagos, or
possibly intermediate between prosimians and other New World monkeys.

Marmosets were in part chosen because of their intriguing evolutionary position.
Some authors propose that marmosets have undergone dwarfism, with a reduced size
ideal for an arboreal, insectivore lifestyle in the fine branches that would not support
larger primates (Bloch and Boyer, 2002; Ford and Davis, 1992; Soligo and Martin, 2006;
Sussman and Kinzey, 1984). This view would suggest that marmosets represent a line of
New World monkeys that have lost subdivisions of M1. Formerly, some authors
regarded marmosets as a primitive line of monkeys morphologically similar to the first
New World primates (Herschkovitz 1977, Beattie 1927), but this view is no longer
widely held. Nevertheless, the division of M1 into rostral and caudal portions may have
occurred during the evolution of some New World monkeys and not others. This view
would suggest that the subdivision of M1 occurred independently in New World and Old
World primates, and may explain why a different set of subdivisions has been proposed

for macaque M1 than for owl monkey M1 (Preuss et al., 1997; Stepniewska et al., 1993).
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Addendum

A second study was published which examined the physiology, connectivity,
architectonics of marmoset primary motor cortex using similar methods (Burman et al.,
1998). The findings of their paper are very similar to ours. Using intracortical
microstimulation, both works found marmoset M1 to be an area with an orderly
mediolateral organization of hindlimb-trunk-forelimb-face regions, with threshold
currents higher than those found in other primate species. Histologically, both works
describe M1 as a myelin-dark area with large pyramidal cells in layer V and a small or
absent layer IV, area 3b as a myelin-dark area with a well-defined area IV but a small or
absent layer V, and area 3a as area intermediate in characteristics between M1 and 3b.
Both works propose that M1 has no clear subdivisions, such as M1r and Mlc, as found in
other New World primates (Stepniewska et al., 1993).

Our work went on to describe the physiology of frontoparietal cortex in greater

detail, while the work of Burman et al. (2008) explored the connectivity of M1 with

56



posterior parietal cortex. Together, these works suggest that areas M1 and 3a have the
lowest threshold values of all frontoparietal areas and that premotor cortex can be divided
into at least three areas based on physiology and architectonics. Additionally,
connections to M1 come mainly from somatosensory regions of posterior parietal cortex,

while connections to premotor cortex include visual inputs.
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CHAPTER 11

CORTICAL PLASTICITY AND BEHAVIORAL EFFECTS OF DORSAL
COLUMN INJURIES IN MARMOSETS
This chapter includes contributions from Gharbawie OA, Bowes CP-G, Qi HX,

Stepniewska I, and Kaas JH.

Introduction
A lesion of the dorsal columns at the cervical level in primates results in several
physiologic and behavioral deficits. Physiologically, long-standing dorsal column lesions
result in the reorganization of primary somatosensory cortex (area 3b), where the
somatosensory map of the body changes and body parts that still receive peripheral input
become overrepresented. Parts of primary somatosensory cortex deprived of inputs begin
to respond to parts that are still intact, such as the somatosensory area normally
representing the fingers now responding to the face (Jain et al., 1997). This type of
plasticity after the loss of peripheral inputs is associated with the sprouting of new
connections in the brainstem, such as those from the trigeminal nucleus to the cuneate
nucleus (Jain et al., 2000) or from the gracile fasciculus to the cuneate nucleus
(Sengelaub et al., 1997). This sprouting in part leads to the reorganization of
somatosensory maps in the cuneate nucleus (Churchill et al., 2001; Xu and Wall, 1997)
as well as its primary target, the ventroposterior nucleus of the thalamus (Churchill et al.,
2001; Florence et al., 2000; Garraghty and Kaas, 1991a). To some extent, then, cortical

plasticity reflects reorganization at lower levels, suggesting that cortical areas receiving
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similar thalamic connections to area 3b, such as area 1 (Cusick and Gould, 1990; Lin et
al., 1979; Mayner and Kaas, 1986; Nelson and Kaas, 1981), would similarly reorganize.
The effects of dorsal column injuries on motor cortex organization are incomplete, but
preliminary findings suggest that there are few changes in the cortical motor maps (Kaas
et al., 2008).

Behaviorally, dorsal column lesions in primates appear to interfere with several
somatomotor functions. After dorsal column lesions animals are reluctant to use the
affected hand for normal activities such as climbing and grooming (Leonard et al., 1992)
and hold the limb in an abnormal position. Tactile discrimination is impaired, especially
on tasks requiring temporal resolution such as directional discrimination (Vierck, 1974)
and rough versus smooth testing (Vierck and Cooper, 1998). Motor impairments include
inaccurate finger placement that interferes with grasping (Glendinning et al., 1993) and
the modulation of force applied by the fingers (Glendinning et al., 1992). While some
motor impairments may be due to lesions that extended into the lateral column, the dorsal
columns appear to play some role in motor tasks, especially those requiring
proprioceptive feedback.

The amount of reorganization that occurs in cortical areas other than area 3b, as
well as the association between physiologic and behavioral changes, has not been well
investigated. The goal of this report is to expand the investigation of plasticity following
dorsal column injury. We examine somatosensory reorganization not only in primary
somatosensory cortex, but also in other areas receiving somatosensory inputs to the
thalamus, such as areas 3a and 1/2. We also characterize changes in somatomotor

behavior, specifically a reach and retrieval task. We focus on common marmosets, since
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the normal organization of somatosensory areas 3a and 3b (Huffman and Krubitzer,
2001; Krubitzer and Kaas, 1990), and motor cortex (Burish et al., 2008; Burman et al.,
2008) have previously been characterized, as well as some aspects of their normal
behavior (Przybyszewski et al., 2007) and their behavior after CNS injury (Iwanami et
al., 2005; Marshall et al., 2002). Additionally, cortical and behavioral plasticity
following dorsal column lesions in the Callitrichidae family of New World monkeys has
not yet been investigated. In the discussion section we provide some extra comparative
data, with a limited examination of somatosensory cortical reorganization in two other
primates (the prosimian galago and the New World squirrel monkey) and a limited
examination of motor cortex organization following dorsal column injury in marmosets,

galagos, and squirrel monkeys.

Materials and methods

Five adult common marmosets (Callithrix jacchus jacchus) were examined in this study.
Animals were behaviorally trained on a reaching task, after which a spinal cord lesion
was performed. After a recovery period of several days, the animals resumed behavioral
training for two to ten weeks. Near the end of behavioral training, animals were injected
with the neuroanatomical tracer B-HRP into all ten fingers. Five to six days after tracer
injections, multiunit electrode recordings were performed, the animals were perfused, and
histological analysis of the tissue was done. This timeline was identical in all animals
with two exceptions: tracer injections were not made in one case (07-68), and two spinal

lesions spaced ten weeks apart were performed in another case (08-06).
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We similarly examined one galago (Otolemur garnetti) and one squirrel monkey
(Saimiri sciureus), which are presented in the discussion section. In both the galago and
squirrel monkey, CTB tracer was used in place of B-HRP. In the squirrel monkey one
additional manipulation was performed: a dorsal brainstem injection of penicillinase
(Sigma, St. Louis, MO), a control enzyme which has been shown to have no effect on
CNS tissue (Bradbury et al., 2002; Caggiano et al., 2005; Massey et al., 2006).

In the galago, squirrel monkey, and one marmoset (case 07-53), we additionally
performed intracortical microstimulation after multiunit recordings. All procedures were
approved by the Vanderbilt University Institutional Animal Care and Use Committee and

followed National Institutes of Health guidelines.

Behavioral analysis. Marmosets were transferred to a separate cage for behavioral
training on a reach-retrieve task. Reaching boxes were made of clear Plexiglas, with the
dimensions 45 cm long x 14 cm wide x 35 cm high. In the center of each front wall was
a vertical slit 2 cm-wide, which extended from 2 cm above the floor to a height of 15 cm.
On the outside of the wall, in front of the slit and mounted 4 cm above the floor, was a 2
cm-deep shelf. Two indentations on the surface of the shelf were located 3 cm from the
inside of the wall and were aligned with the edges of the slit where marmosets could
reach. The food target was made of slightly stale and hardened (i.e., not sticky)
marshmallows. Each approximated the shape of a 1 mm diameter sphere.

To motivate marmosets to reach for the target, food was removed from the home
cage 6-8 hours before reach training. The first week of training consisted of daily 15

minute sessions for each marmoset. Over the following two weeks marmosets still
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received daily training sessions, but a session now consisted of 30 food pellets (also
considered 30 trials) per session for no longer than 30 min. A session began when a
food-deprived marmoset was individually placed in the reaching box and ended when the
marmoset was removed from the box and returned to the home cage in which food access
was regained.

Successful reaching involved the achievement of three stages, in which a
marmoset learned to: 1) orient to the food pellet through the slot, 2) transport its forelimb
through the slot to grasp the food pellet, and 3) withdraw its forelimb through the slot to
present grasped food to the mouth.

To encourage a naive marmoset to orient to the slot at the front of the reaching
box, a number of food morsels were placed on the shelf and directly in front of the slot.
The objective was to make the food readily accessible to either hand through the slot.
Once a marmoset was successfully taking food from the shelf, pellets were moved further
from the slot to encourage forelimb transport for pellet retrieval. Once a marmoset
demonstrated a preference for one paw by making more reaching attempts with it,
individual morsels were placed into the indentation contralateral to that hand. After
retrieving several morsels with a single hand and presenting it to the mouth, the
experimenter introduced a delay before presentation of each successive pellet. During
the delay, the marmosets were trained to leave the slot, go to the back of the box, and
then return to the slot. This provision was introduced to the reaching paradigm to ensure
that marmosets properly oriented their body before reaching.

After the lesion the animals were given at least five days to recover before testing

resumed. Usually 2-3 sessions were performed each week, with the exception of the first

68



lesion in case 08-06 in which the sessions were stopped until the week before the second
lesion, because the animal did not appear to have a significant impairment. If the animal
refused to reach for the target with the impaired hand, the pellet was moved more
laterally to make it inaccessible to the unimpaired hand, thus encouraging the animal to

use the impaired hand.

Surgery. We performed two separate surgical procedures on each animal: a spinal
lesion, followed 2-10 weeks later by a craniotomy for physiologic mapping. In the
squirrel monkey, a brainstem injection of penicillinase was also performed during the
spinal lesion procedure.

For the spinal lesion procedure, animals were induced anesthetically with an
intramuscular injection of ketamine (30 mg/kg) and xylazine (1-2 mg/kg), intubated, and
maintained with 1-2% isoflurane gas. Animals were positioned for access to the dorsal
cervical spine, and under sterile conditions an incision was made over the midline of the
cervical vertebrae and the overlying musculature was dissected. Laminectomy of a single
vertebra was performed, the dura removed, and a lesion of the dorsal column ipsilateral to
the dominant hand was made with fine scissors. The lesion site was covered with
Gelfilm (Pfizer Inc., New York, NY) and Gelfoam (Pfizer Inc., New York, NY), the
overlying musculature sutured, and the incision stapled. The animal was then allowed to
recover from anesthesia. Naxcel (2.2 mg/kg; Pfizer Inc., New York, NY), Robinul (0.015
mg/kg; Baxter Healthcare Corp., Deerfield, IL), and dexamethasone (1 mg/kg; Phoenix

Scientific Inc., St. Joseph, MO) were administered before the initial incision, and
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buprenorphine (0.01 mg/kg; Bedford labs, Bedford, OH) was administered after recovery
from anesthesia.

For the squirrel monkey only, the spinal lesion procedure was immediately
followed by a brainstem injection of pencillinase. The initial incision was extended to
the lower portion of head, the overlying musculature dissected, and the dura removed.
The medulla was exposed by tilting the head forward, and 750nL of penicillinase (50
U/mL) was injected 0.5 mm below the surface just lateral to the cuneate nucleus,
ipsilateral to the spinal lesion. The injection was made using a mechanical microdrive
(Nanoliter 2000, World Precision Instruments, Inc., Sarasota, FL), and the animal was
then allowed to recover from anesthesia. Unlike previous work in rodents where multiple
penicillinase injections are made (Bradbury et al., 2002; Caggiano et al., 2005; Massey et
al., 2006), no second injection was made in the squirrel monkey.

For the physiologic mapping procedure, animals were induced anesthetically with
an intramuscular injection of ketamine (30 mg/kg) and xylazine (1-2 mg/kg), briefly
transferred to 2% isoflurane for surgical preparation and alignment in stereotaxic frame,
and transferred to ketamine, either infusion (20 mg/ml) or intramuscular injections,
maintaining a surgical anesthetic level. Ketamine was supplemented with intramuscular
xylazine (5 mg/kg). Robinul (0.015 mg/kg) and dexamethasone (1 mg/kg) were
administered. A portion of the scalp, cranium, and dura was removed over the frontal
and parietal lobes and covered with silicone fluid in preparation for electrode recordings

and stimulation.
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Tracer injections. Animals were anesthetized with an intramuscular injection of
ketamine (30 mg/kg). The distal phalanges of the fingers were disinfected with alcohol.
A small amount of neuroanatomical tracer (~5 pl per injection site) was injected
subcutaneously into the glabrous part of the distal phalange, just below the tip. All 10
fingers were injected, with one injection site per finger. Marmosets were injected with
cholera toxin subunit B conjugated to horseradish peroxidase (0.2-0.4% B-HRP, List
Biological Labs, Campbell, CA). The galago and squirrel monkey were injected with
cholera toxin subunit B (1% CTB, Sigma, St. Louis, MO). After tracer injection, the

animals were returned to their home cage for anesthesia recovery.

Microelectrode recordings and stimulation. For multiunit recordings we used low
impedance (1 MQ at 1 kHz) tungsten microelectrodes (Microprobe, Potomac, MD).
Electrode penetration sites were marked on a high-resolution photograph of the exposed
cortical surface. The electrode was placed perpendicular to the surface and advanced
using a stepping microdrive. Recordings were made between 0.6-1.0 mm, aiming for
layer IV cells. Marmosets have no central sulcus or dimple, so the location of primary
somatosensory cortex was based on bone landmarks and cortical surface vasculature, as
well as on the quality of responses. Multiple penetrations were made in a grid, with 0.2-
0.5 mm between penetration sites (avoiding surface blood vessels). Receptive fields at
each recording site were determined by stimulating the skin using light tapping, g-tips,
small glass probes, and brushes for moving hairs. We measured minimal receptive fields,
defined as the area of the body evoking a neural response when stimulated at near

threshold level (Merzenich et al., 1978; Nelson et al., 1980; Wu and Kaas, 2003). In
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addition to these cutaneous receptive fields, we also noted sites that responded to pressure
and to joint movements. Points marked as unresponsive were those that did not respond
to cutaneous stimulation, pressure, or movement. The entire body (head to tail) was
examined.

For intracortical microstimulation we used low impedance tungsten
microelectrodes (Microprobe, Potomac, MD). Electrode penetrations were marked on a
high-resolution photograph of the exposed cortical surface. The electrode was placed
perpendicular to the surface and advanced using a stepping microdrive to a depth of 1.8-
2.0 mm, as this depth was optimal in previous studies (Burish et al., 2008; Burman et al.,
2008; Wu et al., 2000). The stimulus consisted of a short monophasic train of 60 msec
with a single pulse duration of 0.2 msec and a frequency of 300 Hz. The stimulus was
delivered with a Master-8 Stimulator (A.M.P.I., Jerusalem, Israel) connected to a
stimulus isolation unit (Bak Electronics, Mount Airy, MD). We noted both the type of
movement evoked and the amount of current required to evoke it. Evoked movements
were classified into four categories: face (jaw, lips, nose, cheek, vibrissae, eyelid, ear,
tongue, throat, and some neck movements), forelimb (digit, wrist, elbow, and shoulder
movements), trunk (lower trunk, upper trunk, and some neck movements), and hindlimb
(toe, ankle, knee, hip, and tail movements). Movements of the eyes were examined but
not observed. Some stimulation sites evoked weak or ambiguous movements, which
were noted more generally such as “shoulder/upper trunk.” We examined the threshold
current, defined as the lowest value of current in which visible movements were
repeatedly observed (on almost every trial). Unresponsive points were defined as points

that did not elicit visible movements at 120 pA or less, with 120 pA chosen as a trade-off
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between identifying motor areas with higher thresholds and restricting current spread to
approximately 300 um (Stoney et al., 1968).
At the conclusion of physiological mapping, microlesions of 10 pA direct current

were placed at a few penetration sites to mark physiologic borders.

Perfusion and histology. At the end of the electrode recording and stimulation sessions,
animals were given a lethal dose of sodium pentobarbital and, when areflexive, the heart
was exposed, the right atrium opened, and a needle inserted into the left ventricle for
perfusion. Animals were perfused with 0.9% phosphate-buffered saline (PBS, pH 7.4),
followed by 2% paraformaldehyde in PBS, followed by 2% paraformaldehyde and 10%
sucrose in PBS. The brain and spinal cord were exposed, and dorsal roots of the spinal
cord were counted and marked with pins to locate the level of the lesion. The cerebral
hemisphere contralateral to the lesion site was flattened, and the brainstem and cervical
spinal cord were separated from the rest of the brain. The cortex, brainstem, and spinal
cord were postfixed overnight in 2% paraformaldehyde and 10% sucrose in PBS and
transferred to 30% sucrose in PBS. The next day the tissue was cut in 40 pl sections: the
cortex was cut parallel to the surface, the brainstem was cut coronally, and the spinal cord
was cut horizontally.

Sections were serially divided, so that the stains alternated. For cortex, the
following stains were used: 1) cytochrome oxidase (Wong-Riley, 1979), and 2) Gallyas
myelin stain (Gallyas, 1979). For brainstem the following stains were used: 1)
cytochrome oxidase, and either 2) tetramethylbenzidine for visualization of B-HRP tracer

(see below), or 3) immunohistochemistry for visualization of CTB tracer (see below).
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For spinal cord the following stains were used: 1) acetylcholinesterase (Geneser-Jensen
and Blackstad, 1971), 2) Nissl substance, using cresyl violet, and either 3)
tetramethylbenzidine for visualization of B-HRP tracer, or 4) immunohistochemistry for
visualization of CTB tracer.

For visualization of B-HRP, tetramethylbenzidine (chromagen) and
diaminobenzidine (stabilizer) were used following a modified version of a previous
protocol (Gibson et al., 1984). For visualization of CTB, we followed previous protocols
(Angelucci et al., 1996; Bruce and Grofova, 1992). For CTB immunohistochemistry,
tissue sections were washed in 0.1M phosphate buffer (PB, pH 7.4) then 0.5% Triton-
X100 (Tx) in 0.05M Tris-buffered saline (TBS, pH 7.5). Sections were blocked in 2.5%
normal rabbit serum in TBS/Tx for 2 hours, followed by incubation in a 1:4000 dilution
of goat anticholeragenoid (List Biological Labs, Campbell, CA) in 2.5% normal rabbit
serum, 2% Tx, and TBS for 4 days at 4°C. Sections were washed in 0.5% Tx in TBS and
processed using the Vectastain Elite ABC kit (Vector Laboratories Inc., Burlingame,
CA), involving incubation in a 1:200 dilution of biotinylated rabbit anti-goat IgG with
1% Tx in TBS for 2 hours at room temperature, wash in 0.5% Tx in TBS, and incubation
in a 1:100 dilution of ABC reagent in 0.5% Tx in TBS for 1 hour at room temperature.
Sections were developed with the VIP substrate kit (Vector Laboratories, Inc.).

Cortical sections were used for anatomic reconstruction. Sections were
photographed using a Nikon DXM1200F digital camera attached to a Nikon Eclipse
E800 microscope (Nikon Inc., Melville, NY). We obtained JPEG images using the
Nikon ACT-1 software, and the images were not altered except for uniform changes in

contrast using the Adobe Photoshop CS2 levels command (Adobe Systems Inc., San

74



Jose, CA). Images were imported into Adobe Illustrator CS2, and the borders of
somatosensory and motor areas were outlined. Microlesions visible in the cortical
sections were used to align multiple tissue sections with each other and with the
physiologic data. Cytochrome oxidase and myelin sections were both useful in
identifying somatosensory areas, and myelin sections were useful in identifying motor
areas.

Brainstem sections were used to analyze the completeness of our dorsal column
lesion, specifically the amount of fibers from the fingers that were still present in the
cuneate nucleus. Cytochrome oxidase-stained sections were used to identify the location
of the cuneate nucleus, and were aligned with adjacent B-HRP or CTB sections to
analyze the amount of remaining dorsal column fibers.

Spinal cord sections were used to analyze the extent of our spinal cord lesion,
both within and outside of the dorsal columns. The lesion site was readily visible, and
the spinal cord was anatomically reconstructed at the level of the lesion by measuring the
mediolateral extent of the lesion in each section. The acetylcholinesterase stain was most

useful in identifying the dorsal columns, lateral columns, and gray matter.

Results
For each animal we characterized the extent of the spinal cord lesion using spinal
architecture and neuroanatomical tracers. We correlated these findings with behavioral
performance before and after spinal lesion, as well as with multiunit recordings of the
hand area in somatosensory cortex after the lesion. For somatosensory recordings, our

focus was area 3b, the adjoining rostral area 3a, and the adjoining caudal area which has
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been labeled as either area 1 or area 2 in previous investigations (Burish et al., 2008;
Huffman and Krubitzer, 2001; Krubitzer and Kaas, 1990).

We obtained a range of dorsal column lesions, from lesions not involving the
finger to lesions that almost completely deprived finger inputs (Table 1). Due to the
variability of lesion sizes, level of lesions, and survival times across animals, we consider
this work a collection of case studies. The variability, however, allows us to investigate a

range of possible changes following long-term dorsal column injuries in marmosets.

Extent of lesion

Spinal cord architecture. The level of spinal cord injury was determined by counting
dorsal roots starting at C1, and by placing pins at selected locations around the lesion site.
We sectioned the spinal cord horizontally, as this plane would best reveal the
mediolateral extent of the injury. Sections of spinal cord were then stained for
acetylcholinesterase to delineate spinal gray matter from white matter. We measured the
size of the lesion for each section and measured sections systematically through the
dorsoventral height of the cord.

Schematic diagrams of the reconstructed lesion sites are shown in Fig. 1. For
each case the lesion site is outlined in the acetylcholinesterase-stained sections, one near
the central canal and one in the middle of the dorsal horn. In the first case (07-68), the
C3 lesion did not involve the dorsal column and instead affected the dorsal horn,
dorsolateral white matter, and a portion of the lateral column. In the second case (07-53),
the C3 lesion was restricted to the dorsal column but only to the midline portion of the

fasciculus gracilis, and did not involve the fasciculus cuneatus. In the third case (07-76),
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Table 1. Summary of dorsal column lesions!

07-68 F 205 C3 13
07-53 M 260 C3 28
07-76 F 315 C3 42
07-86 M 300 C6 35
08-06 M 376 C8/(T1) 35/(70)

ICase numbers are ordered as they appear in the paper. Weights
(Wt.) are reported in grams. Survival time represents the amount
of time between the dorsal column lesion and the
somatosensory/motor mapping. In case 07-76, two dorsal
column lesions were made, the first at T1 and the second 70 days
later at C8.
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Figure 1. Anatomical reconstructions of spinal lesions. For each case a schematic transverse section of the spinal cord is shown,
with the lesioned area shown in gray. The dorsal intermediate sulcus is shown and represents the division between the cuneate and
gracile fasciculi, although this division was difficult to distinguish in the stained tissue. Lines running across the schematic
represent the horizontal plane of section for the acetylcholinesterase-stained tissue below. In the tissue, the left side of the spinal
cord is up, the right side of the spinal cord is down, and the rostral side of the spinal cord is to the right. Lesions are outlined in
black; arrowheads mark the location of pins placed in the spinal cord and used for realignment.



the C3 lesion affected a portion of the fasciculus cuneatus, a substantial amount of the
dorsal horn, some of the ventral horn, and a very small portion of the ventral white
matter. In the fourth case (07-86), the C6 lesion involved the majority of the fasciculus
cuneatus, although intact cuneate fibers may still remain in the more ventral portion of
the dorsal columns near the central canal. A small portion of the fasciculus gracilis and
the dorsal horn also seem to be affected, although the dorsolateral column and the ventral
half of the spinal cord were not damaged. In the final case (08-06), two lesions were
made, first at T1 and then 70 days later at C8. The T1 lesion affected the lateral-most
portion of the fasciculus cuneatus and the medial-most portion of the dorsolateral
column, the entire dorsal and intermediate horn, and some of the ventral horn of the gray
matter. The C8 lesion involved a substantial amount of the fasciculus cuneatus, most of
the dorsal and intermediate horns, and some of the ventral horn and the dorsolateral
column.

Our lesions, then, represent a range of dorsal column injuries, from lesions not
involving the dorsal column (07-68), to very small dorsal column lesions not involving
the cuneate nucleus (07-53), to lesions involving small (07-76), large (07-86), and

medium (08-06) proportions of the fasciculus cuneatus.

Transport of neuroanatomical tracer. We injected B-HRP into all ten fingers 5-6 days
before perfusion, which has been shown to be sufficient transport time for bigger New
World monkeys after spinal cord injury (Jain et al., 1997). As we did not examine the
distribution of B-HRP in control marmosets, we are assuming that connections from the

fingers to the cuneate nucleus are entirely ipsilateral, as has been proposed for other
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primates. Under this assumption, the presence of tracer in the cuneate nucleus ipsilateral
to the lesion implies that some fibers from the digits were not lesioned. If our assumption
is incorrect we are likely underestimating the extent of the lesion, as the presence of some
tracer in the ipsilateral side may instead be from the intact contralateral digits.

We examined the distribution of B-HRP labeled fibers from the upper cervical
spinal cord to the lower pons. The extent of intact fibers between the fingertips and the
brainstem are shown in Fig. 2. In cytochrome oxidase-stained sections the cuneate
nucleus is well delineated as a darkly staining spherical structure in the middle part of the
dorsal brainstem. In other primates the internal organization of the cuneate nucleus can
be described as cytochrome oxidase-poor septa between darkly staining individual digit
and palm areas (Florence et al., 1991; Strata et al., 2003). In common marmosets,
however, the use of cytochrome oxidase alone was not sufficient to reveal these
subdivisions.

An examination of B-HRP labeling on the non-lesioned side revealed good
transport was for three of the cases, with more limited transport in case 07-86. No tracer
injections were made in the first case (06-48). In the second case (07-53), the amount of
tracer labeling was similar between the non-lesioned/control side and the lesioned side;
few if any fibers to the cuneate nucleus were lesioned. In the third case (07-76), slightly
more B-HRP labeled fibers were seen on the control side than on the lesioned side,
although it is clearly an incomplete lesion and many cuneate fibers remain intact. In the
fourth case (07-86) B-HRP transport was lower than in the other cases. Some labeling
was seen in the control side, while on the lesioned side only a very small amount of B-

HRP label was found in a few of the sections. Despite the low level of transport it still
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Figure 2. Transport of the neuroanatomical tracer B-HRP from the fingers to the cuneate
nucleus. The dorsal halves of brainstem sections are shown for each case in which B-HRP was
injected into the fingertips. In the cytochrome oxidase-stained sections (CO), arrowheads mark
the location of the cuneate nuclei. In the tetramethylbenzidine-reacted sections for visualization
of B-HRP (TMB), the side ipsilateral to the spinal cord lesion is marked. No injections were
made in case 07-68 (not shown). Scale bar =1 mm.
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appears that this case has a very limited number of intact fibers from the fingers to the
cuneate nucleus. In the final case (08-06), there are more fibers on the non-lesioned side
than the lesioned side, although it is also clearly an incomplete lesion. We would expect
an incomplete lesion in this animal; the lesions were at C8 and T1 and so digits 1-3
should remain intact. Because of our inability to distinguish the internal organization of
the cuneate, however, we cannot say whether B-HRP labeling for digits 4-5 was reduced
or completely eliminated.

The cases show a range of incomplete cuneate fasciculus lesions. There seems to
be a good correlation between the findings for spinal cord reconstruction and tracer
transport as both cases show a range from little-to-no involvement of cuneate fibers (07-
53), a small lesion (07-76), an extensive lesion (07-86), and an intermediate lesion (08-

06).

Behavioral effects of lesion

The animals were trained on a reach-and-retrieve task, where they extended their arm
through a Plexiglas cage for a small pellet of food. The task is similar to that performed
in rats (McKenna and Whishaw, 1999; Whishaw and Pellis, 1990) and somewhat similar
to the Kliiver boards used to assess primate behavioral performance (Friel and Nudo,
1998; Nudo et al., 1992). Unlike the Kliiver board, however, the wells on our shelf were
only 0.5 mm deep. Thus the majority of the pellet was above the well, presumably
making it easier to grasp. Animals were trained before spinal cord injury to provide a
baseline level of performance. After a recovery period of 5-7 days following the lesion,

behavioral testing resumed. The animals used their entire hand to grasp the pellet,
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favoring a power grasp to a precision grasp. We were not able to obtain post-lesional

data from case 07-68, and so have omitted this case from our behavioral analysis.

Eventual success. Our first quantitative measure was eventual success (Fig. 3a). For this
test a success was scored as any trial in which the animal successfully obtained the pellet
off of the shelf. A miss was scored as any trial in which the animal knocked the pellet off
the shelf, including into the cage. Before spinal lesion, all animals successfully obtained
the pellet over 75% of the time. After spinal lesion, performance on this task did not
change for the second case (07-53) or the final case (08-06). For the third and fourth
cases (07-76 and 07-86), performance initially worsened, but after a period of weeks
returned to near baseline. In the final case, the second lesion occurred after the week 10
data was collected. The week 10 data can thus be considered “prelesion” data for the

second lesion, and thus performance after the second lesion did not change.

Single-reach success. For our second quantitative measure, we limited success to any
trial in which the animal successfully obtained the pellet off the table using only one
flexion of the fingers (Fig. 3b). Before spinal lesion, all animals had a single-reach
success over 60%, and all performed slightly worse on this measure than the eventual
success measure, meaning that even before the lesion all animals sometimes made
multiple finger flexions to obtain the pellet. On this measure three animals performed
worse immediately following the spinal lesion (07-53, 07-76, 07-86) although they
returned to prelesion levels over a period of weeks. Interestingly, performance in case

07-53 worsened after the lesion, even though histological and tracer transport suggest that
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Figure 3. Behavioral performance. Animals were assessed quantitatively on three measures: A) eventual
success, or the percentage of trials in which the animal ultimately picked the pellet up from the shelf and
placed it in the mouth, B) single-reach success, or the percentage of trials in which the animal obtained the
pellet using only a single digit flexion and a single reach, and C) reaches/success, or the average number of
reaches necessary to obtain one pellet. Animals were trained before injury (“Pre”) and up to four times each
week following injury. The data is presented as mean = SEM.
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the animal had little if any cuneate tract lesion. For the final case (08-06), neither the

first nor the second lesion affected single-reach success.

Reaches/success. For the third quantitative measure we divided the total number of
reaches or finger flexions by the total number of times the animal successfully obtained
the pellet, giving us a number of reaches needed for a success. Before spinal lesion, all
animals required between 1 and 1.5 reaches per success. In three cases performance did
not change after lesion (07-76, 07-86, and 08-06). Again in case 07-53, performance
initially got worse, with the animal making more reaches and finger flexions, then

returned to prelesion levels.

The behavioral measure that showed the widest range of performance was eventual
success. No change in performance was seen in the animal whose lesion did not involve
the cuneate tract (07-53) or in the animal with a low cervical lesion in which several
digits were likely completely intact (08-06). In contrast the two animals with cuneate
tract lesions, 07-76 and 07-86, showed transient impairments in performance on the task.
Performance on the single-reach success and the reaches/success measures showed less
of a range of performance, and interestingly the animal without a cuneate tract lesion (07-

53) showed impairments on both tasks.

Physiologic effects of lesion

We performed somatosensory mapping in frontoparietal cortex, stimulating the entire

body surface with light taps, g-tips, probes, and brushes. To identify somatomotor areas,
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we correlated our results to the architectonic features of frontoparietal cortex by making
microlesions. We used previous descriptions of marmoset frontoparietal architecture
(Burish et al., 2006; Burman et al., 2006; Burman et al., 2008; Krubitzer and Kaas, 1990)

to delineate borders.

Case 07-68. Only a few electrode penetrations were made in this case and were limited
to identification of the hand region and the hand/face border in 3b, as well as the body
between the forearm and the leg in area 3a (Fig. 4). In the hand region of 3b the digits
were distributed in an orderly fashion, with the thumb most lateral and digit 5 most
medial. Digits 2 and 3 were intermingled, and a similar amount of overlap has been seen
in previous studies of marmoset area 3b (Huffman and Krubitzer, 2001). At the
hand/face border, the thumb is bordered laterally by the chin as seen in studies of
marmosets and other New World monkeys (Huffman and Krubitzer, 2001; Kaas et al.,
1979; Sur et al., 1980). The mediolateral organization of area 3a from forearm to arm to
trunk to leg is similar to that found in a previous study (Huffman and Krubitzer, 2001).
For this case, in which the spinal lesion did not involve the dorsal column, the limited
somatosensory maps of areas 3b and 3a are similar to the normal organization of these

areas seen in previous studies.

Case 07-53. In this study we examined area 3b from face to leg, as well as an extensive
amount of adjoining areas 3a and 1/2. In area 3b the somatosensory map again resembled
the normal organization of marmoset 3b, with a chin representation immediately lateral to

the hand area (Fig.5). Within the hand area the digits were organized mediolaterally from
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Figure 4. Results of microeletrode multiunit recordings in frontoparietal cortex of case 07-68. The right hemisphere is
shown, but the map has been flipped so that in all figures rostral is to the lefi. A solid line delineates the borders of area
3b, while a dotted line indicates the approximate location of the 3a/M1 border. Thin lines mark the hand region of 3b as
well as the hand/face border. Black dots, X’s, and stars indicate the locations of responsive penetration points,
unresponsive penetration points, and microlesions. When cortical regions were disordered, the location of the receptive
field (see abbreviations list) is shown above the responsive point. Two arrowheads near the 3b bend mark the location
of a myelin-light septum seen in histological sections. Lesion at top left, orientation at bottom left. Scale bar =1 mm.

87



M1

Pal m,FA§¢Arm

3

w r
lesioned side
] X
| X
I
I
I
| D
'{D * PTh,P1-3,FA
&

Medial

Rostral (J

_

Figure 5. Results of microeletrode multiunit recordings in frontoparietal cortex of case 07-53. The right hemisphere
is shown, but the map has been flipped so that in all figures rostral is to the left. A solid line delineates the borders of
area 3b, while a dotted line indicates the approximate location of the 3a/M1 border. Thin lines mark the hand region

of 3b as well as the hand/face border. Black dots, X’s, and stars indicate the locations of responsive penetration
points, unresponsive penetration points, and microlesions. When cortical regions were disordered, the location of the

receptive field (see abbreviations list) is shown above the responsive point. Two arrowheads near the 3b bend mark
the location of a myelin-light septum seen in histological sections. Lesion and tracer uptake at top left, orientation at

bottom right. Scale bar =1 mm.
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D5 to D1 and the palm region was located caudally to the digits and organized
mediolaterally from the hypothenar pad to the thenar pad. Two points in the lateral-most
portion of the palm area were unusually located, representing the hand and digit 3. In
more medial regions of area 3b there was an orderly distribution of forearm-arm-trunk-
leg, with a few unresponsive points in the forearm region and in the medial-most portion
of the leg region. In area 3a the digits were less well organized, but the hand/face border
and the digits were both found in approximately the same mediolateral level as in area 3b,
as found in previous studies (Huffman and Krubitzer, 2001). Medial to the digit region in
area 3a we were not able to elicit responses from the forearm, arm, trunk, or leg regions.
In area 1/2, the body parts were again less well organized than in area 3b. Although the
somatosensory map of area 1/2 has not been thoroughly investigated in marmosets, a
similar organization to the one in this case has been found in other New World primates
(Kaas et al., 1979; Sur et al., 1980). The face and hand regions of area 1/2 were again at
the same approximate mediolateral level as 3b, except that the hand area extended
medially, pushing the forearm and the arm regions more medially than in area 3b.

For this case, in which the spinal lesion involved only a small portion of the
gracile tract, the map for area 3b appears to be organized normally, with only a few
unusual recording sites. Area 3a, in contrast, has a normal hand and face organization but
is largely unresponsive to other parts of the body. Area 1/2 appears to be organized

mediolaterally from hand to leg with no unresponsive zones.

Case 07-76. In this case we focused on the hand area and the hand/face border of

frontoparietal cortex. The organization of area 3b in this case was much less orderly,
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thus the receptive fields for each penetration site are listed (Fig. 6). The representation of
the fingers is still located rostrally to the representation of the palm, but in this case the
representation of the first three digits is disorganized. Where the thumb is usually
represented, there is a site that responds to digits 4-5 and another that responds to a large
hand/forearm region. Where digits 2-3 are normally represented, there is an unresponsive
point and a large receptive field responding to the first three digits. The more lateral digit
4 representation may reflect the normal location of digit 4, approximately 2 mm from the
hand/face border. The palm area of 3b is similarly disorganized, with sites responding to
the digits, wrist, and forearm intermixed with sites responding to the palm. The
organization of area 3a is again less orderly, and in this case in the hand region there is
only one site that responds to the digits and one that responds to the palm; the rest of the
sites respond more generally to the hand or the forearm. Area 1/2 was less extensively
investigated but again showed a hand representation extending medially.

For this case, in which the spinal lesion affected a small portion of the cuneate
tract, the map of the hand in 3b appears to be disorganized, not following the typically
orderly progression of digit and palm sites. Area 3a is also disorganized and may show

some changes in terms of fewer digit and palm responses.

Case 07-86. In this case we again focused on the hand area and the hand/face border of
frontoparietal cortex. In area 3b the finger representation was orderly and resembled the
normal organization (Fig. 7). In the palm region there were several unusual receptive
fields near the hand/face border. Instead of responding to the thenar pad, penetration

sites in this region responded either to the arm and shoulder or to the thumb. More
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Figure 6. Results of microeletrode multiunit recordings in frontoparietal cortex of case 07-76. The right hemisphere
is shown, but the map has been flipped so that in all figures rostral is to the left. A solid line delineates the borders of
area 3b, while a dotted line indicates the approximate location of the 3a/M1 border. A thin line marks the hand the
hand/face border. Black dots, X’s, and stars indicate the locations of responsive penetration points, unresponsive
penetration points, and microlesions. When cortical regions were disordered, the location of the receptive field (see
abbreviations list) is shown above the responsive point. Two arrowheads near the 3b bend mark the location of a
myelin-light septum seen in histological sections. Lesion and tracer uptake at top left, orientation is at bottom right.
Scale bar =1 mm.
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Figure 7. Results of microeletrode multiunit recordings in frontoparietal cortex of case 07-86. The left hemisphere is shown. A solid line
delineates the borders of area 3b, while a dotted line indicates the approximate location of the 3a/M1 border. Thin lines mark the hand region of
3b as well as the hand/face border. Black dots, X's, and stars indicate the locations of responsive penetration points, unresponsive penetration
points, and microlesions. When cortical regions were disordered, the location of the receptive field (see abbreviations list) is shown above the
responsive point. Two arrowheads near the 3b bend mark the location of a myelin-light septum seen in histological sections. Lesion and tracer

uptake at top lefi, orientation is at bottom right. Scale bar = 1 mm.
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medially, the palm showed a more orderly mediolateral representation from the thenar to
the hypothenar pad, and the palm and forearm were located medial to the hand region.
Area 3a and 1/2 appeared to be organized normally, although such a small change in
receptive fields in area 3b would be difficult to distinguish in the less ordered areas 3a
and 1/2.

For this case, which had a spinal lesion affecting most of the cuneate nucleus,
only a small disorganized region was found in the lateral palm region of 3b, while the rest

of the map appeared to have a normal organization.

Case 08-06. In this case we performed a more extensive investigation of areas 3b, 3a,
and 1/2. In area 3b the hand region was organized normally except for a rostrocaudal
strip where digit 4 and pads 1-3 are normally located (Fig. 8). The normal digit and pad
representations were replaced mostly by responses from adjacent areas, such as digit 4
being replaced by digits 3 and 5, and pads 1-3 being replaced by the thenar and
hypothenar pads. The more medial portions of 3b appeared to have a normal
organization, except that several unresponsive points were found near the trunk region.
The organization of areas 3a and 1/2 appeared to be organized normally, although again a
small change of receptive fields in area 3b would be difficult to distinguish in the less
ordered areas 3a and 1/2.

For this case, which had spinal lesions at C8 and T1 affecting most of the cuneate
nucleus, a small well delineated strip of area 3b was disorganized, while the rest of the

map appeared to have a normal organization.

93



Medial

I Rostral (J I

. . 1 1
Figure 8. Results of microeletrode multiunit recordings in frontoparietal cortex of case 08-06. The left hemisphere is
shown. A solid line delineates the borders of area 3b, while a dotted line indicates the approximate location of the
3a/M1 border. Thin lines mark the hand region of 3b as well as the hand/face border. Black dots, X’s, and stars
indicate the locations of responsive penetration points, unresponsive penetration points, and microlesions. When

, cortical regions were disordered, the location of the receptive field (see abbreviations list) is shown above the respon-
sive point. Two arrowheads near the 3b bend mark the location of a myelin-light septum seen in histological sections.
Lesion and tracer uptake at top right, orientation is at bottom right. Scale bar =1 mm.
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Receptive field sizes of the fingers. Receptive field sizes in area 3b, especially of the
fingers, are normally small, reflecting a single finger or even a single phalange or
fingertip (Huffman and Krubitzer, 2001; Kaas et al., 1979). Reorganization of
somatosensory maps is often accompanied by a change in receptive field size, either
bigger (Calford and Tweedale, 1991) or smaller (Merzenich et al., 1983b). We examined
the size of receptive fields for the digit region of area 3b (Fig. 9). In the first and second
cases (07-68 and 07-53), receptive field sizes were generally small, with the exception of
one forearm point in 07-68 and a movement point and a two-digit point in 07-53. Thus in
these cases the receptive field sizes generally corresponded to the normal organization of
the somatosensory map. In the third case (07-76), where the somatosensory map was
generally disorganized, receptive field sizes in area 3b were likewise abnormal, with
unusually large receptive fields throughout the finger region. In the fourth case (07-86),
where the somatosensory map of the fingers appeared normal, receptive field sizes were
small, with the exception of one large two-digit point. In the final case (08-06), where
the digit 4 representation alone was abnormal in the somatosensory map, the receptive
field sizes were generally normal, with one unusual movement-related point in the digit 4
region. Thus an alteration in receptive field size generally correlates with the disorderly

regions of the somatosensory map.

Discussion

We examined several components of dorsal column lesions in marmosets. We used

spinal histology and tracer uptake to classify the extent of the lesion, and a reach-retrieval
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Figure 9. Receptive field sizes for the fingers in area 3b. The digit representations of area 3b
from Fig. 4-8 have been enlarged. At each penetration point, the body part responding to tactile
stimulation is highlighted in orange. Orange arrowheads indicate small receptive fields on the
fingertips. Orange waves indicate responsiveness to movement of the fingers.

96



97



task and somatosensory mapping to characterize the behavioral and cortical effects. We
now review our findings and compare them with other studies of cortical plasticity and
behavioral changes following injury. In addition we provide a brief examination of
dorsal column injury in two other species, galagos and squirrel monkeys, as well as the
effects of motor cortex stimulation following spinal injury.

Our findings suggest that several classical descriptions of the primate spinal cord
may hold true for marmosets. First, evidence from our spinal reconstructions and tracer
injections suggest that the fasciculus cuneatus is a triangular-shaped region lateral to the
fasciculus gracilis in the dorsal horn, and fibers from the fingers are distributed in this
area and connect to the cuneate nucleus. We do not have enough information to
comment on the organization of forelimb fibers in the fasciculus cuneatus. Second,
evidence from our tracer injections and somatosensory mapping suggests the cutaneous
innervation of the fingers in marmosets may be similar to that of humans. In humans
(Moore and Dalley, 1999), the cervical roots C3 and C4 receive cutaneous innervation
from the neck; C5 and T1 from the ventral arm and forearm; C6 from the radial side of
the arm, forearm, and hand as well as the thumb; C7 the dorsal arm, forearm, and hand as
well as digits 2-3; and C8 the dorsal and ulnar sides of the arm, forearm, and hand as well
as digits 4-5. In one case a lesion was made at C6, and there was a nearly complete
absence of B-HRP labeled fibers in the lesioned side of the cuneate after injection into all
5 fingers. In another case a lesion was made at C8, and somatosensory mapping revealed

that digit 4 in particular was deprived of inputs.
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The association between lesion extent, behavior, and physiology

Our five cases show a range of spinal cord lesions. When the dorsal columns
were not lesioned (case 07-68), somatosensory cortex was organized normally (we were
unable to examine behavior in this case). When the cuneate tract was not lesioned (07-
53), the organization of the hand region in areas 3a, 3b, and 1/2 appeared normal, and
behavioral performance at least on the eventual success measure was normal. When the
cuneate tract was lesioned (07-76, 07-86, and 08-06), reorganization was seen in area 3b,
and behavioral changes were seen following lesions at C3 and C6, but not at C8. On this
behavioral task, in which the animal uses the entire hand to grasp the pellet, it seems that
all of the digits need to be lesioned to show an impairment.

In terms of spinal plasticity, the distribution of B-HRP was limited to the cuneate
nucleus; no B-HRP labeling was seen in any other location in the brainstem. This
localization of B-HRP suggests that, at least within our post-lesion survival time, dorsal
root ganglion axons from the fingers do not sprout collaterals to the gracile nucleus, the
spinal trigeminal nucleus, or any other brainstem structure. Our findings are similar to
findings of tracer uptake in owl monkeys after dorsal column injury (Jain et al., 1997)
and differ from those of injections into the stump of an amputated limb, where more
extensive connections to the cuneate and external cuneate nuclei were found (Wu and
Kaas, 2002).

We observed that the size of the lesion in the cuneate fasciculus may not correlate
with the amount of reorganization in somatosensory cortex. Of the three animals with
cuneate tract impairments, animal 07-86 had the largest lesion but the smallest amount of

reorganization. We also observed that the size of the lesion in the cuneate nucleus did
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not correlate with the behavioral performance. Case 07-76 showed a much smaller lesion
than 07-86, nevertheless 07-76 showed a greater behavioral deficit. This issue has been
raised in previous studies of dorsal column lesions, in which some cases behavioral
changes are found (Nathan et al., 1986), and in others they are not (Wall, 1970). In our
study, however, we have the additional confound that the lesions were made at different
levels. Nevertheless, it seems that only about 10% of the fibers for any particular body
part are necessary to maintain normal behavior (Beck, 1976) and so incomplete lesions
can lead to substantial variability between animals.

Also, there is the complication of case 07-53. Despite a normal somatosensory
map of the hand and a lesion outside of the cuneate tract, performance on two measures —
single-reach success and reaches/success — were abnormal. One possibility is that the
animal had a gracile tract lesion, and positioning with the injured leg might have affected
behavioral performance. But we would expect this type of deficit to interfere with the
eventual success measure too. Another possibility is that the animal was out of practice
when allowed a week to recover after the dorsal column lesion and made extra reaches
and finger flexions because of it. But if this were true all animals should perform worse
after the lesion, and in case 08-06 the animal did not. In the somatosensory map of case
07-53 the animal did seem to have an impairment in the forearm region of area 3a and the
rostral portion of area 3b, and perhaps this deficit was sufficient to cause reaching errors
but ultimately allow the animal to obtain the pellet.

Finally, there appears to be a relationship between the amount of reorganization
in area 3b and behavioral performance. The animal with the largest amount of

reorganization, case 07-76, also showed the largest deficit in the eventual success

100



measure. We ignore case 08-06 because digits 1-3 are presumably still intact, so the next
largest amount of reorganization is case 07-86, and this animal showed the next largest
deficit in the eventual success measure. Similar to the connection between behavioral
deficits and somatosensory reorganization following dorsal rhizotomies (Darian-Smith
and Ciferri, 2005), there seems to be an association between the behavioral and

physiologic deficits following dorsal column injury.

Behavioral effects following injury.

Performance on reach-and-retrieve tasks. The behavioral task used in this study, with
some modifications such as the depths of the wells, has been used for behavioral
assessment in rodents (McKenna and Whishaw, 1999; Whishaw and Pellis, 1990), non-
human primates (Friel et al., 2005; Friel and Nudo, 1998; Nudo et al., 2000), and humans
(Foroud and Whishaw, 2006). The task examines several components of somatomotor
performance, including: 1) motor ability in reaching, grasping, and retracting; 2)
proprioceptive feedback by aiming for the pellet and bringing the pellet back to the
mouth; 3) and tactile discrimination by grasping the pellet when it is being blocked from
sight by the hand. Our quantitative measures only score the final result, and so in our
analysis deficits in motor, proprioceptive, or tactile abilities, or some combination of the
three, could be affected. This task has been performed in rats with dorsal column
injuries, and after lesions rats show transient deficits (McKenna and Whishaw, 1999) or
no deficits (Schrimsher and Reier, 1993) in the eventual success measure, and more
permanent deficits in arm posturing and rotation (McKenna and Whishaw, 1999). It

should be noted, however, that in rats the corticospinal tract passes through the dorsal
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columns, and so lesions may affect both somatosensory and motor fibers. Nevertheless,
our results on the eventual success measure are similar to those in rats, suggesting that a
lesion of the dorsal columns leads to similar behavioral deficits in primates and rodents.
The results in rats also suggest that endpoint measures alone do not show the full extent
of behavioral changes following a dorsal column lesion, and the next step in our
investigation is to examine the movement components of marmosets during the reach and
retrieve task.

In primates, this behavioral test has been used after lesions of various cortical
areas. After lesions of the M1 hand area squirrel monkeys showed transient motor
deficiencies such as an increased amount of flexions per reach, proprioceptive
deficiencies such as aiming errors, and tactile deficiencies such as checking the paw for
pellets on missed trials (Friel et al., 2005; Friel and Nudo, 1998; Nudo et al., 2000).
After lesions of posterior parietal cortex using a modified behavioral task, marmosets
showed difficulties in reaching towards the contralateral space (Marshall et al., 2002).
Our results showed some behavioral deficits in finger flexions as well as changes in
somatosensory cortex. It appears, then, that motor and somatosensory cortex both

contribute to the motor and the somatosensory aspects of reaching and retrieving.

Somatosensory changes following dorsal column lesions. Our findings suggest that
dorsal column injuries lead to many transient deficits in tasks requiring somatosensory
and motor functioning, but these deficits improve over a period of weeks after the lesion.
Previous investigations of dorsal column injuries have similarly observed deficits in

tactile and proprioceptive abilities, with some deficits transient and some more permanent
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in nature. In rats dorsal column lesions lead to transient deficits in the reach-and-retrieve
task, and more permanent deficits in tactile discrimination (Ballermann et al., 2001) and
in checking the paw for pellets (Schrimsher and Reier, 1993). In non-human primates
dorsal column lesions lead to transient deficits in the discrimination of touch, joint
position, and tactile size (Vierck, 1973; Vierck, 1977), while leading to more permanent
deficits in discrimination of motion or items brushed across the skin (Vierck, 1974;
Vierck and Cooper, 1998). In humans dorsal column lesions lead to transient
impairments in two-point discrimination and proprioceptive sense (Kaas et al., 2008;
Nathan et al., 1986), but most impairments appeared to recover over time.

The transient nature of behavioral deficits following dorsal column injury in rats,
non-human primates, and humans could be a result of incomplete lesions, as very few
fibers appear to be necessary for normal functioning (Beck, 1976). In dorsal rhizotomies,
which allow more control over the extent of the lesion by cutting distinct dorsal rootlets
(but also involves pain and temperature fibers), animals show substantial deficits in
motor control of the digits (Darian-Smith and Ciferri, 2006; Darian-Smith and Ciferri,
2005; Vierck, 1982), although larger movements such as grasping (Taub et al., 1966) and
reaching (Bizzi et al., 1984) may not show obvious deficits. Alternatively, the dorsal
columns may be injured but the animal compensates by using somatosensory inputs from
other pathways, such as proprioceptive inputs from the dorsal and ventral spinocerebellar
tracts and tactile information from the anterolateral spinothalamic tracts (Willis and

Coggeshall, 1978).
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Electrophysiology of somatosensory cortex following injury.

Comparative considerations of cortical plasticity following dorsal column injury.
Cortical changes after dorsal column lesions have been found in rodents and in other
primates. In rats, lesions of the dorsal columns lead to a similar reorganization of
primary somatosensory cortex (Jain et al., 1995). Some deprived zones remain
unresponsive for up to three months, suggesting that the extent of plasticity in rats may be
limited (Jain et al., 1995; Kaas et al., 2008). In owl monkeys, long-standing lesions of
the dorsal columns lead to reorganization of the somatosensory map, with deprived zones
eventually entirely responding to adjacent intact regions such as the face or arm (Jain et
al., 1997). Finally in humans, referred sensations following spinal injuries have been
correlated in fMRI studies to enlarged body representations in the somatosensory map
(Moore et al., 2000). In our study area 3b reorganized after only a few weeks, suggesting
that cortical plasticity in marmosets is similar to that of other primates.

We also examined the affects of dorsal column injuries on the somatosensory
cortex of two other species, a prosimian galago (case 07-48) and a New World squirrel
monkey (07-113). The spinal cord architecture and transport of neuroanatomical tracer
are shown in Fig. 10. The galago case was a 900g male monkey who received a lesion at
C3, injection of CTB tracer into all 10 fingers, and multiunit electrode recordings 21 days
after spinal cord injury. The spinal lesion in this case involved a substantial portion of
the fasciculus cuneatus and the dorsal horn, as well as a small part of the lateral column
and the intermediate and ventral horns. CTB-labeled fibers in the cuneate nucleus were

reduced on the lesioned side; five small circles reflecting the five digits could be seen on
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Figure 10. Spinal lesions and tracer transport in the galago and squirrel monkey. Anatomical reconstructions of
the spinal lesions in one galago (case 07-48) and one squirrel monkey (case 07-113) are shown at top. A schematic
transverse section is shown, with the lesioned area in gray and the lines representing the horizontal plane of section
for the acetylcholinesterase-stained tissue below. In the tissue, the lefi side of the spinal cord is up, the right side
of the spinal cord is down, and the rostral side of the spinal cord is to the right; the lesioned area is outlined. At
bottom, transport of the neuroanatomical tracer CTB from the fingers to the cuneate nucleus is shown. In the
cytochrome oxidase-stained sections, arrowheads mark the location of the cuneate nuclei. In the sections immuno-
reacted for CTB, the side ipsilateral to the spinal cord lesion is marked. Scale bars at bottom = 1 mm and apply for
brainstem sections only.
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both sides, suggesting that the lesion was incomplete. CTB-labeled cells were restricted
to the cuneate nucleus, and not seen in any other brainstem.

The squirrel monkey case was a 939g male monkey who received a lesion at C6,
injection of CTB tracer into all 10 fingers, and multiunit electrode recordings 78 days
after spinal cord injury. The spinal lesion in this case involved the majority of the
fasciculus cuneatus and the dorsal horn, as well as a small part of the intermediate and
ventral horns and the fasciculus gracilis. CTB-labeled fibers in the cuneate nucleus were
reduced but not eliminated on the lesioned side, suggesting that the lesion was
incomplete. CTB-labeled cells were restricted to the cuneate nucleus, and not seen in any
other parts of the brainstem.

The organization of somatosensory cortex in the galago is shown in Fig. 11. The
galago somatosensory map of area 3b differs from that of anthropoid primates in that the
representation of the radial arm lies between the hand and face representations, and the
palm lies in the middle of the hand representation, between the representation of the
glabrous digits rostrally and the dorsal digits caudally (Wu and Kaas, 2003). In case 07-
48 the radial arm representation was generally unresponsive in both area 3b and area 1/2.
There was still a general mediolateral organization of digits 1-5 with the palm in the
middle, but there were a few unresponsive points above the fingers and near the forearm
representation. These findings suggest that, at least after a period of 3 weeks,
reorganization of somatosensory cortex is incomplete. In owl monkeys, reorganization of
a similarly sized block of somatosensory cortex was incomplete in 5 days but complete in

36 days. With only one animal investigated, it is unclear whether galagos are more
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Figure 11. Results of microeletrode multiunit recordings in frontoparietal cortex of case 07-48. The right hemi-
sphere of the galago is shown, but the map has been flipped so that in all figures rostral is to the left. A solid line
delineates the borders of area 3b and the upper portion of the 3a/M1 border (from Wu et al 2003), while a dotted
line indicates the approximate location of the lateral 3a/M1 border. Black dots, X’s, and stars indicate the locations
of responsive penetration points, unresponsive penetration points, and microlesions. When cortical regions were
disordered, the location of the receptive field (see abbreviations list) is shown above the responsive point. Orienta-
tion is at bottom right. Scale bar = | mm.
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similar to rats with limited plasticity, or are more similar to anthropoid primates and
merely need time to reorganize.

The organization of somatosensory cortex in the squirrel monkey is shown in Fig.
12. Despite the size of the lesion, the somatosensory map was normally organized. In
area 3b the chin was immediately lateral to the hand region, which had a very orderly
mediolateral distribution of the digits and the palm. Areas 3a and 1 were similarly
organized, although slightly less orderly than area 3b as seen in the marmosets. These
findings suggest that, after an incomplete lesion and long recovery period in a squirrel

monkey, somatosensory cortex is generally organized normally.

Reorganization of somatosensory areas. Our marmoset results are similar to those of
New World owl monkeys in that reorganization of area 3b occurs after long-standing
dorsal column lesions (Jain et al., 1997). Reorganization in area 3b has also been seen
following nerve cuts (Garraghty et al., 1994; Garraghty and Kaas, 1991b; Kolarik et al.,
1994; Merzenich et al., 1983a; Merzenich et al., 1983b), amputations (Florence and Kaas,
1995; Florence et al., 1998; Merzenich et al., 1984), and dorsal rhizotomies (Darian-
Smith, 2004; Darian-Smith and Brown, 2000; Pons et al., 1991). Disruption of
somatosensory inputs to the brain at any level, then, seems to result in similar physiologic
changes.

The effects of peripheral nerve or dorsal column injuries on areas other than 3b,
however, are less well known. After dorsal rhizotomies areas 3, 1, and 2 do not seem to
modulate their responses to movements of the limbs while area 4 does (Bioulac and

Lamarre, 1979). After dorsal column lesion, one study found that responses in area 3a
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Figure 12. Results of microeletrode multiunit recordings in frontoparietal cortex of case 07-113. The right hemisphere
of the squirrel monkey is shown, but the map has been flipped so that in all figures rostral is to the left. Solid line
delineates the borders of areas 3b and 3a. Black dots, X’s, and stars indicate the locations of responsive penetration
points, unresponsive penetration points, and microlesions. When cortical regions were disordered, the location of the
receptive field (see abbreviations list) is shown above the responsive point. Orientation is at bottom right. Scale bar =
1 mm.
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were abolished (Phillips et al., 1971), and another found that responses in areas 1 and 2
were still intact (Brinkman et al., 1978). In our experiments the disorderly organization
normally found in areas 3a and 1/2 made it difficult to tell if reorganization occurred after
dorsal column lesion, but in case 07-76 at least, area 3a showed unusual hand and
forearm points, correlating with the reorganized map in area 3b. Further investigation is
necessary, but other somatosensory areas of anterior parietal cortex may also undergo

plasticity following spinal injury.

Effects of dorsal column injury on motor cortex. Motor cortex receives many
somatosensory inputs, so there has been some question as to how changes in
somatosensory functioning might affect the outputs of the motor system. One previous
and incomplete study investigated the changes to motor stimulation in macaques
following dorsal column injury, and found little to no change in stimulation thresholds or
the organization of the forelimb area (Kaas et al., 2008). We studied the effects of motor
stimulation following spinal cord injury in one marmoset (Fig. 13), one galago (Fig. 14),
and one squirrel monkey (Fig. 15). In all three cases we performed intracortical
microstimulation in the animals after we finished multiunit electrode recordings of
somatosensory cortex.

For the marmoset (case 07-53), which had a limited lesion of the fasciculus
gracilis and an abnormal area 3a, the motor map of the face and forelimb regions of area
3a and M1 were similar to the normal organization (Burish et al., 2008; Burman et al.,
2008), as movements of the shoulder, elbow, wrist, and digits were intermixed in the

forelimb area. Two medial shoulder areas, one in area 3a and one in M1, had higher
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Figure 13. Results of microstimulation mapping in frontoparietal cortex of case 07-53. The
right hemisphere of the marmoset is shown, but the map has been flipped so that in all figures
rostral is to the left. A solid line delineates the borders of area 3b, while a dotted line indicates

the approximate location of the 3a/M1 border. Thin lines mark the motor forearm/face border

as defined by intracortical microstimulation and the somatosensory hand/face border evoked by

multiunit electrode recordings. Black dots, X’s, and stars indicate the locations of responsive
points, unresponsive points, and microlesions. Two arrowheads near the 3b bend mark the
location of a myelin-light septum seen in histological sections. Orientation is at bottom right.

Scale bar = 1 mm.
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Figure 14. Results of microstimulation mapping in frontoparietal cortex of case 07-48.
The right hemisphere of the galago is shown, but the map has been flipped so that in all
figures rostral is to the left. Solid lines delineate the borders of area 3a and M1. Thin lines
mark the motor forearm/face border as defined by intracortical microstimulation and the
somatosensory hand/face border evoked by multiunit electrode recordings. Black dots,
X’s, and stars indicate the locations of responsive points, unresponsive points, and microle-

sions. Orientation is at bottom right. Scale bar = 1 mm.
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Figure 15. Results of microstimulation mapping in frontoparietal cortex of case 07-113. The right hemisphere of
the squirrel is shown, but the map has been flipped so that in all figures rostral is to the left. Solid lines delineate
the borders of area 3a and 3b. Thin lines mark the motor forearm/face border as defined by intracortical micro-
stimulation and the somatosensory hand/face border evoked by multiunit electrode recordings. Black dots, X’s,
and stars indicate the locations of responsive points, unresponsive points, and microlesions. Orientation is at

bottom right. Scale bar =1 mm.
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thresholds than other parts of cortex but were within the normal range for areas 3a and
MI1. For the galago (07-48), which had a substantial cuneate fasciculus lesion affecting
the radial forearm, the organization of the forearm and face regions are similar to the
normal organization (Wu et al 2003). Threshold values in some but not all locations are
higher than those of normal animals, including joints surrounding the radial forearm
(elbow and wrist), joints that are farther away (shoulder and digits), and joints whose
inputs enter above the lesioned area and thus could not have been lesioned (jaw). For the
squirrel monkey (07-113), which had a substantial cuneate fasciculus lesion affecting the
majority of the fasciculus cuneatus but a generally normal organization of the
somatosensory map, organization of M1 and area 3a appeared to be similar to the normal
organization (Donoghue et al., 1992). We observed low threshold values for most
penetration points, as well as an intermixing of forearm joints throughout the forearm
region. Our very limited results suggest that there are few to no changes in motor cortex
following dorsal column lesion in prosimians and New World monkeys, similar to that
found in limited results from Old World monkeys. Further investigation, however, is
required.

In performing microstimulation and multiunit recordings in the same animal, we
noticed that the forelimb/face border defined by intracortical microstimulation was
located approximately 1 mm medial to the hand/face border defined by multiunit
electrode recordings. Both borders were near but not exactly at the location of the
myelin-light septa that represents the forearm/face border in previous studies (Fang et al.,
2002; Jain et al., 1998). For area 3a at least, there was a portion of cortex where

microstimulation evoked forelimb movements while recordings revealed receptive fields
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on the face. A previous study has suggested that each electrode penetration site has
homonymous inputs and outputs; if a multiunit recording site shows joint movement or
cutaneous stimulation, microstimulation at the same site evokes movements of the same
joint or of the joint nearest the cutaneous receptive field (Murphy et al., 1978). A further
investigation of this narrow strip of cortex is necessary to describe the relationship
between stimulation and recordings in somatomotor cortex. Nevertheless, this difference
in borders between stimulation and recording has been found in humans without dorsal
column injuries as well (Woolsey et al., 1979). Additional studies on animals without
spinal injuries are required, but these findings suggest that different locations for the

face/forelimb border may be common to all primates.
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CHAPTER IV

CELLULAR SCALING RULES FOR PRIMATE SPINAL CORDS

This chapter includes contributions from Peebles JK, Tavares L, Herculano-Houzel S,

and Kaas JH.

Introduction

Many studies have examined the relationships between the brain and body and
between different parts of the brain (Barton and Harvey, 2000; Changizi, 2001; Finlay
and Darlington, 1995; Herculano-Houzel et al., 2007; Herculano-Houzel et al., 2006;
Jerison, 1973) and have found that they follow evolutionary trends that can be described
mathematically. These allometric scaling rules are expressed by the power functiony =b
+ x", which can be altered to the logarithmic form log(y) = a log(x) + log b. Interestingly,
different parts of the brain, such as the cortex and cerebellum, give different values for
the slope “a” when compared to the body or total brain, suggesting that parts of the brain
scale differently and thus may be exposed to different selection pressures. The purpose
of the present study is to extend this examination to another part of the central nervous
system, namely the spinal cord.

The spinal cord is an obligatory intermediary for most of the inputs and outputs
that pass between the body and brain, and spinal cord size has been used as a measure of
the nervous inputs between the brain and body (Passingham, 1975). Some authors have
proposed that the spinal cord is merely a “somatic” system of sensorimotor inputs and

outputs while the brain is a system with a somatic component plus a non-somatic
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component that relates to higher cognitive functions (Krompecher and Lipak, 1966).
According to their proposal the spinal cord would have a constant or linear relationship
with the body for a slope “a” ~1 in the logarithmic equation. Other authors propose that
the sensorimotor inputs and outputs of the spinal cord might relate directly to the surface
area of the body, and thus spinal cord size might scale to body size as area to volume, for
a slope “a” ~2/3 (Jerison, 1977; MacLarnon, 1996). Still others have proposed that
metabolic considerations such as the basal metabolic rate of the mother during gestation
(Martin, 1981) or the amount of fat-free body mass (Schoenemann, 2004) push the true
slope to “a” ~3/4. Finally, it has been suggested that different orders of mammals follow
different scaling rules and that the primate brain scales to body size with a slope of “a”
~1, while the rodent brain scales to body size with an slope of “a” ~3/4 (Herculano-
Houzel et al., 2007; Herculano-Houzel et al., 2006). The scaling rules for spinal cords,
then, may also be different across mammals.

Previous studies of the spinal cord have focused on whole spinal cord weight and
length (MacLarnon, 1996), spinal cord cross-sectional area (Fox and Wilczynski, 1986;
MacLarnon, 1995), or specific pathways of the spinal cord (MacLarnon, 1995; Nudo and
Masterton, 1990; Towe, 1973). Little is known about the total number of neurons or
other cells (non-neurons) in the spinal cord and how they relate to the brain and body.
We use the isotropic fractionator (Herculano-Houzel and Lent, 2005), a non-stereological
method, to calculate the total number of neurons and non-neurons in the spinal cord. We
focus on one subset of mammals, primates and tree shrews. A preliminary description of

this work has been presented elsewhere (Burish et al., 2007).
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Materials and methods

Animals. We examined the spinal cords of 68 animals from ten species, including eight
primates (mouse lemur Microcebus sp., n=1; galago Otolemur garnetti, n=15; common
marmoset Callithrix jacchus, n=1; owl monkey Aotus trivirgatus, n=12; squirrel monkey
(Saimiri sciureus, n=4; rhesus macaque Macaca mulatta, n=5; bonnet macaque Macaca
radiata, n=4; and long-tailed macaque Macaca fascicularis, n=1), and two non-primates
(tree shrew Tupaia glis, n=18 and gray squirrel Sciurus carolinensis, n=7) (Table 1). Age
was calculated from veterinary records; when only a numerical year was given as date of
birth, the last day of the year (December 31%) was used to calculate age. Gender
information was obtained from veterinary records when available, and the body mass was
measured within the final week before perfusion.

Perfusion and dissection. Animals were given a lethal dose of sodium pentobarbital and,
when areflexive, perfused transcardially with 0.1 M phosphate-buffered 0.9% saline
(PBS, pH 7.4). Animals were then perfused with either 2% or 4% paraformaldehyde in
PBS, usually followed by an equal amount of paraformaldehyde plus 10% sucrose in
PBS. In one case (07-119), the animal was perfused with 4% paraformaldehyde, 0.1%
glutaraldehyde, and 0.25% picric acid in 0.2 M phosphate buffer (PB, pH 7.4). In
another case (07-39), the animal was perfused with PB and then post-fixed in 2%
paraformaldehyde in PB. In all animals, the lamina and spinous processes of the
vertebrae were removed along the entire length of the cord, the spinal roots were severed,
and the spinal cord was removed and immersed in 4% paraformaldehyde for at least 14
days. The dura, brainstem, and cauda equina were removed and discarded. Afterwards

the spinal cord was weighed and, in some cases, measured for length.
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Table 1: Data set of individual spinal cord measurements

Species Case  cord mass body muss H eells %o neurons H neurons H non-neurons length (mm) sex age (vears) |
Rhesus macaque 07-25 9814 9750 457500000 310 14182500 443317500 unknown male 513
Rhesus macaque 07-29 6.029 4700 326080000 239 7793312 18286688 unknown female 5.48
Rhesus macaque 07-30 9.902 9400 336875000 213 9196688 327678313 unknown male 6,16
Rhesus macague 07-56 BETI 11000 406250000 290 11781250 394468750 247.88 male 736
Rhesus macaque 07-119 7.9392 7500 421875000 1.67 TO57388 414817612 262,48 female T.88
Long-tailed macaque 07-44 7.4987 5700 372000000 3.06 11383200 360616800 unknown male 825
Bonnet macaque 07-42 10.1222 102060 445000000 242 1076000 434231000 unknown male 1133
Bonnet macaque 07-82 5.7329 5400 285000000 258 7354839 277645161 unknown female unknown
Bonnet macaque 07840 5961 BRSO 304187500 na. na. n.a. 245.94 male 11.69
Bonnet macaque 07-a1 955 Toi0 448437500 na. na. n.a. 283.25 male 768
Orwl monkey 0703 2.1624 1060 OROM68TS 531 5206289 O2R40586 unknown male unknown
Crwl monkey 07-26 2,52 1750 117562500 6.34 T456989 110105511 unknown male unknown
Owl monkey 07-46 1.7969 800 98906250 6.21 6146034 92760216 unknown male unknown
Owl monkey 07-50 1.984 1108 S6 100000 4.72 4535920 91564080 168.88 female 235
Onwl monkey 07-77 24789 1400 107050781 6.07 6500237 100350544 175.83 male 9.33
Owl monkey 07-85 1.9122 100 88359375 6.34 5603277 82756008 162.48 male 10.62
Ol monkey 07-87 31042 1540 98957031 530 5243877 93713154 205.62 male 10,37
Crwl monkey 07-88 1.7485 974 BO6GH063 7.09 5716351 74947712 163,88 male unknown
Orwl monkey 07-92 24204 1200 Q6562500 1.55 7291091 BO2T 1409 153.01 female 484
Orwl monkey 07-103 1.9872 1100 BTI32813 564 4916054 82216759 unknown male 6,80
Onwl monkey 07-110 2.3504 1250 123925781 4.50 5582242 118343539 159.43 male 7.27
Orwl monkey 07-115 1.4439 1ioo GBI65625 B8.28 5674397 G2R91228 unknown female 7.91
Squirrel monkey 07-118 L5768 860 96750000 6.14 5942418 Q0B0T582 163.15 male 295
Squirrel monkey 08-03 1L.71177 L] 107144531 5.69 6100756 101043775 172.30 female 1.08
Squirrel monkey 03-05 1.5666 950 BO527344 227 2034712 87492631 172.98 male 791
Squirrel monkey 08-09 1.5477 710 90322917 521 4702629 85620287 unknown female 5.6
Marmoset 07-27 0.6213 340 48195313 157 3649831 44545482 unknown male 3.07
Galago 06-80 1.9345 1408 109375000 572 6256250 103118750 unknown male B.04
Galago 06-81 1.758 1018 GHHE0000 4.60 4447280 92232720 unknown male 320
Galago 07-08 2.1463 1254 91992188 736 6770625 83221563 unknown male 195
Galago 07-40 L3817 1400 119437500 559 6673772 112763728 unknown male 818
Galago 07-51 1.73 1000 109687500 n.a. ni. .. 159.23 female 3.62
Table | (continued)
Species Code sp. cord body (g) W eells e neur # nearons LETY length (mm} SN age (vears) |
Galago 07-52 1.0441 486 75058600 5.65 4239310 TOR19290 unknown female 0.84
Galago 07-65 1.4285 1100 88593750 545 4829642 83764108 153.40 female 445
Galago 07-73 1.7202 1400 101582031 632 6419984 95162047 152.23 male 1.58
Galago 07-75 1.3788 1040 107756250 578 6224963 101531287 141.73 female 193
Galago 07-79 1.4622 1200 75287500 6.46 4865519 0421981 175.21 male 1.83
Galago 07-83 1.395 1400 TBER062S 991 7821635 T1068990 147.03 male 39
Galago 07-93 1.443 1100 110507813 524 5795166 104712647 166.88 female 1.48
Galago 07-108 1.1688 1100 83020833 517 4291335 78729498 155.88 male 112
Galago 07-111 14975 1000 105218750 6.67 TO14583 GR204167 132.36 female 119
Galago 07-120 1.2318 m 75433594 6.1 4612310 TOB21283 136.02 female 1.43
Mouse lemur 07-39 0.2353 L] 22953125 733 1682654 21270471 unknown male 15.61
Tree shrew 07-12 0.6173 231 41750000 6.64 2773453 3IBOT6548 unknown male 0.33
Tree shrew 07-13 0.5297 192 IBIN625 495 1901104 36489521 unknown male 0.32
Tree shrew 07-14 0.768 193 50121004 5.03 2520089 47601005 unknown male 0.32
Tree shrew 07-15 06632 197 45773438 535 2448879 43324559 unknown male 0.32
Tree shrew 07-16 L6163 160 50312500 494 2485438 ATR2T063 unknown female 0.27
Tree shrew 07-17 04884 188 36351563 599 2176732 34174831 unknown female 0.27
Tree shrew 07-18 0.5527 149 44000000 538 2367200 41632800 unknown male 0.27
Tree shrew 07-19 0.5985 183 50312500 4.89 2460281 47852219 unknown female 0.27
Tree shrew 07-38 0.6032 144 43699219 588 2570542 41128676 103.23 female 3.05
Tree shrew 07-59 0.6472 155 41062500 4.70 1929938 39132563 100.83 female 2.62
Tree shrew 07-60 0.5935 155 43640625 7.62 3324188 40316437 108.00 female 262
Tree shrew 07-69 0.735 170 45500000 7.55 3435543 42064457 99.63 male 72
Tree shrew 07-108 0.597 unknown 48083333 537 2584133 45499200 unknown female 8.07
Tree shrew 07-109 0481 144 46119792 10,04 4628510 41491282 unknown female 5.85
Gray Squirrel 07-02 1.3605 unknown T1250000 595 4240800 6TOH9200 i k i
Gray Squirrel 07-09 0.9926 387 49531250 112 3823813 45707438 ik k k
Gray Squirrel 07-41 1.3051 486 BO000000 10.56 B448000 T1552000 k k k
Gray Squirrel 07-49 1.5451 unknown 78437500 7.98 6256959 72180541 14004 unknown unknown
Giray Squirrel 07-95 1.2367 unknown 71269531 691 4924574 66344957 128.85 unknown unknown
Gray Squirrel 07-97 1.3003 unknown 107187500 5.12 5485974 101701526 144.69 unknown unknown
Gray Squirrel 07-100 1.2521 unknown 70273438 9.61 6751762 63521676 159.86 unknown unknown
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Histology. The isotropic fractionator method (Herculano-Houzel and Lent, 2005) was
used to estimate the total number of cells, neurons, and non-neurons. Each spinal cord
was mechanically homogenized in a detergent solution (40 mM sodium citrate and 1%
Triton-X100). For analysis of total cell number, we added 4’-6 diamidino-2-
phenylindole dihydrochloride (DAPI, Molecular Probes, Eugene, OR), a DNA-specific
fluorescent dye, to a final concentration of 0.5-1%. The solution was kept homogenous
by agitation and an aliquot of the solution was placed on a hemocytometer. Cells within
a known volume were counted under a Nikon Eclipse E800 (Nikon Corp., Tokyo, Japan),
a Zeiss Axioskop 20 (Carl Zeiss Microlmaging, Inc., Thornwood, NY), an Olympus
BX40F-3 (Olympus America Inc., Center Valley, PA), or a Zeiss Axioplan. This
concentration was used to estimate the total number of cells in solution. For analysis of
total neuron number, a 1 ml sample of the DAPI-stained solution was centrifuged,
washed by resuspension in PBS, centrifuged, then resuspended in PBS and
immunoreacted overnight with anti-NeuN mouse IgG (1:300 in PBS, Chemicon,
Temecula, CA). The next day the cells were washed then resuspended and incubated in a
secondary antibody solution of cyanine 3-conjugated anti-mouse IgG (1:400, Accurate
Chemicals, Westbury, NY), 10% goat serum, 40% DAPI, and 50% PBS. Cells were
washed then resuspended in a solution of PBS. An aliquot was placed on the
hemocytometer, and we counted at least 500 cells, noting which cells were both DAPI-
positive and NeuN-positive as well as which cells were DAPI-positive but NeuN-
negative. The total number of neurons was calculated by multiplying the percentage of

NeuN-positive neurons in our aliquot by the total number of cells, and the total number of
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non-neurons was calculated by subtracting the total cell number by the total neuron
number.

Data analysis. Statistical analyses were performed in Statview (SAS Institute, Cary, NC)
and Microsoft Excel (Microsoft Corporation, Redmond, WA). Adults and juveniles were
included in the calculation, but animals less than 2 months of age (tree shrews 07-20, 07-
21, 07-22, and 07-23) were excluded. Gray squirrels were excluded from all regression
line calculations, since rodents and primates have previously been found to scale
differently in their brain components (Herculano-Houzel et al., 2007; Herculano-Houzel
et al., 2006). Since tree shrews scale similarly to primates in some comparisons but not
others (Herculano-Houzel et al., 2007), we calculated regression lines both with and
without the tree shrew data. Correlations between variables were calculated using
Spearman’s correlation coefficient. For comparisons on smaller portions of the data set,
nonparametric statistical tests were calculated using Matlab (The MathWorks, Natick,
MA). Mann-Whitney U-tests were used for comparisons between two groups and

Kruskal-Wallis tests were used for comparisons of more than two groups.

Results
We obtained 68 spinal cord specimens from eight primate species, one tree shrew
species, and one rodent species. Our species list contains three species of closely-related
Old World monkeys (Macaca mulatta, Macaca radiata, and Macaca fascicularis). We
also have three species of New World monkeys, including both the Callithricidae
radiation (Callithrix jacchus) and the Cebidae radiation (Aotus trivirgatus and Samiri

sciureus). We have two species of prosimians, one from the Lorisiform radiation
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(Otolemur garnetti) and one from the Lemuriform radiation (Microcebus sp.). We
included the common tree shrew (Tupaia glis), a non-primate that is the most closely
related species to primates that is available for study. Finally, we list the gray squirrel
(Sciurus carolinensis), a highly visual arboreal rodent. As a rodent, we exclude it from
all comparisons except in the special case of comparing marmosets, tree shrews, and gray
squirrels (see below).

Body size in our data set (Table 1) varies 140—fold from the mouse lemur (60g) to
the rhesus macaque (~8500g), whereas spinal cord size varies 35—fold from the mouse
lemur (0.24g) to the rhesus macaque (8.51g). Looking at cell numbers, total cell number
varies 22-fold from the mouse lemur (~18 million cells) to the rhesus macaque (~390
million cells). Specifically, the number of neurons varies 8—fold from the mouse lemur
(~1.7 million neurons) to the bonnet macaque (~13 million neurons), and the number of
cells that are not neurons (“non-neurons”) varies 18—fold from the mouse lemur (~21
million) to the rhesus macaque (~380 million non-neurons). The percentage of cells that
are neurons in the spinal cord is 11% or less in every spinal cord examined. This last
finding is in stark contrast to the primate brain where, using identical methods, the
percentage of cells that are neurons was found to be 45% or greater (Herculano-Houzel et

al., 2007).

In larger primates, the spinal cord is proportionately smaller. While bigger primates
have larger spinal cords, spinal cord mass does not increase as quickly as body mass (Fig.
la). Body mass is proportional to spinal cord mass with an exponent of 0.73 (Table 2),

and is below linearity (95% confidence interval 0.652-0.814). Removal of the tree shrew
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Fig. 1. Relationships between spinal cord mass and A) body mass, B) number of neurons cells,
or C) number of non-neurons. Each point represents the mean for a particular species; they are
labeled in A. Power functions are shown on the respective graphs; all three comparisons were

significant (see text).
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v variable

Spinal cord mass
Spinal cord mass
Spinal cord mass
Neuronal density

Non-neuronal density

Number of NN/N
Number of NN

Spinal cord mass
Spinal cord mass
Spinal cord mass
Spinal cord mass

Number of cortical neurons
Number of cerebellar neurons
Number of rest of brain neurons

Number of N

TABLE 2. Scaling rules for spinal cords'

X variable

body mass
Number of N
Number of NN
Spinal cord mass
Spinal cord mass
Spinal cord mass
Number of N
Brain mass
Cortical mass
Cerebellar mass
Rest of brain mass
CNS mass

CNS mass

CNS mass

CNS mass

Slope
0.733

1.970
1.150
-0.573
-0.138
0.435
1.693
0.822
0.801
0.901
1.223
0.966
0.972
0.540
0.337

P value
<0.0001
0.0005
<0.0001
<0.0001
0.0031
0.0009
0.0007
0.0038
0.0008
0.0058
0.0033
0.0297
0.0009
0.0023
0.0141

pvalue
0.983

0.983
0.967
-0.883
-0.850
0.833
0.933
0.943
1.000
1.000
1.000
0.700
1.000
0.900
0.829

95% CL.
0.652-0.814
1.204 - 2.737
1.051 - 1.249

-0.739 - -0.407
-0.212 - -0.064
0.249 - 0.622
1.004 - 2.382
0.408 - 1.237
0.513 - 1.088
0.497 - 1.304
0.772-1.674
0.649 - 1.284
0.743 - 1.200
0.101 -0.980
0.113 - 0.562

'Variables for "x" and "y" refer to the equation log(y) = a log(x) + log b, with a slope of "a". Significance values

(P), correlation coefficients (p), and confidence intervals (C.1.) are also show. All calculations include the tree

shrew data. N, spinal neurons; NN, spinal non-neuronal cells.
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shows only a minor change in the exponent (Mgo ~ Mgc” >, p<0.0001). The mass of the

animal, then, increases faster than the mass of the spinal cord.

In larger spinal cords, cell number is proportionately smaller. While animals with
larger spinal cords have more neurons and more non-neurons, the spinal cord gains mass
faster than it gains neurons or non-neurons (Fig. 1b-c). Spinal cord mass is proportional
to the total number of neurons with an exponent of 1.97 (Table 2), and to the total
number of non-neurons with an exponent of 1.15. Removal of the tree shrew shows only
a minor change in the exponents for number of neurons (Msc ~ Nx'**%, p=0.0018) or

1.140

non-neurons (Mgc ~ Ny, p<0.0001). The total number of neurons and non-neurons,

then, does not keep up with the mass of the spinal cord.

Cell densities decrease in larger spinal cords. Average density was calculated by
dividing the number of neurons or non-neurons by the mass of the spinal cord. Neuronal
and non-neuronal densities are smaller in animals with larger spinal cords (Fig. 2a-b).
Neuronal density decreases faster in larger spinal cords (with an exponent of -0.573) than
non-neuronal density (with an exponent of -0.138), and the confidence intervals do not
overlap with an exponent of zero (Table 2). Removing the tree shrew results in only
minor changes to the exponents for neuronal density (Dy ~ Msc ™", p=0.0004) and non-
neuronal density (Dan ~ Mgc™"?!, p=0.0091). While it must be noted that spinal cord
cells, especially neurons, are not uniformly distributed in the cord, the average density

does decrease as the spinal cord mass increases.
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Fig. 2. Relationships between spinal cord mass and A) neuronal density or B) non-neuronal
density. Each point represents the mean for a particular species. Power functions are shown on
the respective graphs; both comparisons were significant (see text).
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Non-neurons increase at a faster rate than neurons. Bigger spinal cords have more
neurons and more non-neurons, and the relationship between these cells appears to follow
a power function. When plotting the ratio of non-neurons to neurons against spinal cord
mass, there is an increase in the ratio in bigger spinal cords, with an exponent of 0.435
(Fig. 3a; Table 2). When comparing non-neurons directly to neurons, more non-neurons
are added than neurons, with an exponent of 1.693 (Fig. 3b; Table 2). Removing the tree
shrew results in only minor changes to the exponents for the ratio of non-neurons to
neurons (Nyn/Ny ~ Msc0'442, p=0.0026) and for non-neurons versus neurons (NyN ~

Ny, p=0.0022).

Spinal cord relationships with the brain. We were interested in comparing our spinal
cord data to brain data in these species. For a suitable brain data set we chose that of
Herculano-Houzel et al. (2007) because they used identical methods. The spinal cord and
brain data sets share six species in common: tree shrew, galago, common marmoset, owl
monkey, squirrel monkey, rhesus macaque, and long-tailed macaque, although brain
component data was not available for the squirrel monkey or long-tailed macaque. A
comparison between brain mass and spinal cord mass shows that they are related with an
exponent of 0.822 (Fig. 4a; Table 2). Removing the tree shrew changes the exponent to
0.975 (p=0.0116), which is still within the 95% confidence interval (Table 2). Separating
the brain into the cortex, cerebellum, and rest of the brain, it seems that spinal cord mass
increases more slowly than cortical mass (exponent of 0.801) or cerebellar mass

(exponent of 0.901) but increases more quickly than the mass of the rest of the brain
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(exponent of 1.223; Fig. 4b). Removal of the tree shrew only slightly changed the
exponents for cortical mass (0.945, p=0.0025), cerebellar mass (1.056, p=0.135), or rest
of brain mass (1.361, p=0.0130). When plotting the number of neurons against body
mass (Fig. 4c) all values are at or below linearity. Interestingly, the slopes for cortex
(0.966) and cerebellum (0.972) are similar, and the slopes for the rest of the brain (0.540)
and the spinal cord (0.337) are similar. Removal of the tree shrew only slightly altered
the exponents for cortex (0.853, p=0.0145) and cerebellum (0.971, p=0.0140), but the
exponents were no longer significant between spinal cord neurons and CNS mass

(p=0.0816) or between rest of brain neurons and CNS mass (p=0.0652).

Intraspecies spinal cord comparisons. We collected a substantial number of male and
female cords from two species in particular: tree shrews (n=14 animals older than 2
months, 6 male and 8 female), and galagos (n=15, 8 male and 7 female). Significant
changes were found in body size between males and females in tree shrews (Mann-
Whitney U test, p=0.0390) and galagos (M-W U test, p=0.0034), with males being larger
in both species. No significant gender differences were found for spinal cord mass (M-W
U test, tree shrew p=0.1812, galago p=0.1206), the total number of neurons (M-W U test,
tree shrew p=0.6620, galago p=1.000), the total number of cells (M-W U test, tree shrew
p=0.7256, galago p=0.2109), or the percentage of cells that were neurons (M-W U test,

tree shrew p=0.7259, galago p=0.2109).

Phylogenic and behavioral comparisons. We performed comparisons on two subsets of

the data set. Firstly we compared the three species of closely-related macaques, which
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diverged from each other only 2.4 million years ago (Purvis, 1995). No significant
differences between the rhesus macaque, long-tailed macaque, and bonnet macaque were
seen for body mass (Kruskal-Wallis test, p=0.6643), spinal cord mass (K-W test,
p=0.7328), the total number of neurons (K-W test, p=0.1979), the total number of non-
neurons (K-W test, p=0.9495), the total number of cells (K-W test, p=0.8725), or the
percentage of cells that were neurons (K-W test, p=0.2931).

Secondly we compared marmosets, tree shrews, and gray squirrels, three distantly
related species with such similarities in locomotion, diet, and habitat that authors have
debated whether they occupy similar niches (Emmons, 2000; Hershkovitz, 1977;
Sussman and Kinzey, 1984). A significant difference was seen in body mass (Kruskal-
Wallis test, p=0.0328), spinal cord mass (K-W test, p=0.0008), the total number of
neurons (K-W test, p=0.0009), the total number of non-neurons (K-W test, p=0.0017),
and the total number of cells (K-W test, p=0.0015), with the gray squirrel being the
largest in all categories. However, no significant difference was seen in the percentage of

cells that were neurons (K-W test, p=0.1329).

Discussion
We examined 68 spinal cords using the isotropic fractionator technique and
obtained information on body mass, spinal cord mass, spinal cord number of neurons, and
spinal cord number of non-neurons in each animal. In addition, we compared our
findings to a similar data set for the brain using the isotropic fractionator, and
investigated the variability of spinal cords within the tree shrews and galagos. Our

findings suggest that the primate spinal cord follows simple allometric scaling rules
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according to the power function y = b + x°, or for our purposes the logarithmic form
log(y) = a log(x) + log b. We focus on the slope “a,” as it indicates how the graphs scale.
We largely ignore the coefficient “b,” as we are examining a single subset of mammals,
and “b” most useful when comparing across subsets (e.g., Jerison, 1973). We now

review our findings, as well as the findings of other investigations into spinal cord and

brain scaling.

Relationship between spinal cord mass and body mass. We found that spinal cord mass
is related to body mass by a power function with an exponent of 0.73. Our 95%
confidence interval overlaps with the finding of MacLarnon (1996) of an exponent of
0.66. For the species that the two data sets share, the results are similar: our body weight
and spinal cord weights for common marmoset, owl monkey, squirrel monkey, and long-
tailed macaque are close to her values for common marmoset (287g body, 0.27g spinal
cord), owl monkey (1200g body, 2.320g spinal cord), squirrel monkey (805g body,
1.803g spinal cord), and long-tailed macaque (3610g body, 3.790g spinal cord)
(MacLarnon, 1996). Combining the two data sets, the new equation relating body mass
and spinal cord mass is Mo ~ Msc”®! (p<0.001, p=0.986, 95% C.1.=0.646-0.717) and
accounts for a wide range of body sizes in the primate lineage (Fig. 5). This new equation
is closer to the proposed 2/3™ exponent relating surface area to body size (Jerison, 1973),
than the metabolic exponent of 0.75 (Hofman, 1982; Martin, 1981), and is not close to
the exponent of 1.0 that relates brain size to body mass in primates (Herculano-Houzel et
al., 2007). Neither data set has taken into account the percentage of fatty tissue, which

some authors have suggested skews the spinal cord/body relationship (Schoenemann,

139



2004). We cannot rule out the possibility that all of these factors and more may play a

role in the relationship of spinal cord mass to body mass.

Cell body distributions in the spinal cord. The isotropic fractionator technique allows us
to quantify the number of cell bodies of neurons and non-neurons in our sample, and thus
this study only examines cells in which the soma is contained within the spinal cord.
Therefore most of the neurons in our data set come from the dorsal, intermediate, and
ventral horns of the gray matter, which include cells related to crude touch, pain,
temperature, the sympathetic system, the motor system, intrinsic spinal systems such as
reflex arc neurons and spinal pattern generators, and a portion of the proprioceptive
inputs for the body (Willis and Coggeshall, 1978). The majority of neurons in the
corticospinal and dorsal column tracts, however, are not included, as their soma are
located in the cortex and dorsal root ganglia, respectively. In contrast, soma for
supporting cells such as glia and vascular cells are found in both the gray and the white
matter of the spinal cord. Thus neurons of the corticospinal tracts and dorsal columns are
not counted, but their non-neurons are. This disparity of non-neurons to neurons in the
dorsal columns and corticospinal tracts at least in part explains why, in bigger spinal
cords, more non-neurons are added to the spinal cord than neurons. Other factors,
however, may also play a role in the disproportionate addition of non-neurons. One
possibility is that, in bigger spinal cords, neurons increase in size, and more glia are
necessary to support larger neurons (see below). This study cannot comment on the
scaling of neurons in the dorsal columns or corticospinal tracts, which contain a

substantial amount of somatosensory inputs and motor outputs.
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A complete examination of white matter neurons would require an extensive
analysis of axons. That analysis would have its own complications in calculating neuron
number in the spinal cord, as it would be difficult to locate the origins of each axon (from
intrinsic or extrinsic spinal neurons) or the presence of axon collaterals. Previous studies
have instead examined cross-sectional area of component parts of the white matter, and
have found that the corticospinal tract decreases in size relative to body mass (Towe,
1973) and that the size of the dorsal columns in the cervical and lumbar enlargements
may be related to forelimb/hindlimb dominance (MacLarnon, 1995). Additionally, tracer
labeling studies into the C1/C2 vertebrae suggest that the corticospinal system decreases
in size relative to body weight but is a linear function of brain weight (Nudo and
Masterton, 1990), while the tectospinal tract is highly variable between species (Nudo

and Masterton, 1989).

Why does cell density decrease, and why do cell numbers proportionately decrease?
Cell density is lower in larger primates, and the number of neurons and non-neurons do
not increase as rapidly as spinal cord mass (Table 2). Although we do not understand all
of the factors involved, we can propose testable hypotheses for the biological significance
of these scaling rules.

There are several possibilities for why cell density and cell size decrease in our
data set, including an increase in cell size and the enlargement of fiber pathways. For the
first possibility, if cells increase in size in larger spinal cords, then the number of cells per
volume would decrease (cell density decreases) and relatively fewer cells would fit in the

spinal cord (cell number decreases). This decrease in neuronal density was not seen in
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primate brains (Herculano-Houzel et al., 2007), but has been observed in the brains of
other mammals (Haug, 1987; Herculano-Houzel et al., 2006; Stolzenburg et al., 1989;
Tower and Elliott, 1952). Like the primate spinal cord, in rodent brains Herculano-
Houzel et al. (2006) found that neuronal density decreases as a function of brain mass,
non-neuronal density decreases to a lesser extent, and non-neuronal numbers are added at
a faster rate than neurons. Their interpretation is that average neuron size increases, and
as a consequence more non-neurons are needed to support each individual neuron.
Consistent with this interpretation, at least for corticospinal cells there does appear to be a
difference in soma diameter between primates and non-primates (Nudo et al., 1995).
Depending on how the gray matter scales relative to the white matter, neuron number
could be affected more than non-neuron number.

As a second possibility, another way to decrease cell density and cell size is to
increase the proportion of tissue that has few cell bodies, such as the white matter. In the
dorsal columns and corticospinal tracts, neuron soma are located outside the spinal cord.
If these fiber pathways enlarge faster than the gray matter in larger primates, then cell
density would decrease, and neuronal density would decrease more than non-neuronal
density. Perhaps the importance of gray matter pathways decreases in larger spinal cords
or their functions are relegated to white matter pathways. The dorsal columns contain
inputs for touch, vibration, proprioception, visceral pain, and temperature (Willis and
Coggeshall, 1978). Perhaps gray matter pathways responsible for crude touch, pain,
temperature, or proprioception show a relative decrease in size while the dorsal columns

show a relative increase.
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The primate spinal cord scales differently than the primate brain. Based on our
findings and those of Herculano-Houzel et al. (2007), scaling rules of primate spinal
cords are not the same as those of the brain. Spinal cord mass increases more slowly than
body mass, whereas brain and body mass are linearly related. Spinal neuronal and non-
neuronal densities decrease in larger spinal cords, whereas brain neuronal and non-
neuronal densities show no significant change in larger brains. Total numbers for spinal
neurons and non-neurons increase more slowly than spinal cord mass, whereas total
numbers for brain neurons and non-neurons are linearly related to brain mass. Compared
to CNS mass, the number of spinal cord neurons increases much more slowly than any
brain component. Even neurons in the ‘rest of the brain’ increases faster than spinal cord
neurons, suggesting that brainstem and thalamic neurons are not simply linked to spinal
cord neurons. Previous authors have proposed that the brain and spinal cord face
different selection pressures (Fox and Wilczynski, 1986; Jerison, 1973; Krompecher and
Lipak, 1966). Perhaps it is the different selection pressures that have lead to different

scaling rules.

Addition of the tree shrew to the primate data set. The last common ancestor of all 8
primates lived approximately 55 million years ago (Purvis, 1995), and the last common
ancestor of the primates and tree shrews was approximately 85 million years ago (Liu et
al., 2001; Murphy et al., 2001; Springer et al., 2003). In an earlier study on brain scaling
(Herculano-Houzel et al., 2007), addition of the tree shrew to the primate data set did not
significantly alter the values except in the case of the brainstem. In this study removal of

the tree shrew resulted in few changes; the slopes with tree shrews removed were still
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within the 95% confidence interval for all comparisons except two: CNS mass compared
to the number of spinal cord neurons or to the number of ‘rest of the brain’ neurons. Tree

shrew, it appears, scales similarly to primates.

Subset comparisons. We made several comparisons on parts of the data set. For gender
comparisons, there is evidence of sexual dimorphism for both tree shrews and galagos in
body size, with males being larger, but otherwise there was no dimorphism in the size or
cellular components of the spinal cord. For comparisons between the closely related
macaques, there were no significant differences, suggesting that the three species are very
similar in size and in spinal cord cellular organization. For comparisons between the
behaviorally similar marmoset, gray squirrel, and tree shrew, the squirrel was consistently
the largest in terms of body size, spinal cord size, and the numbers of neurons, non-
neurons, and totals cells. If squirrels are larger in size, it is not surprising that they also
have larger spinal cords and more cells in the spinal cord. However, squirrels are not
significantly different than marmosets and tree shrews in the percentage of cells that are
neurons, suggesting that there may be some conserved or convergent traits in spinal cord

cellular organization between the three species.
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CHAPTER V

CONCLUSION

Frontoparietal cortex is the first cortical region to receive inputs from the spinal
cord and the last to convey outputs to the spinal cord. The research performed in this
dissertation suggests that the organization of frontoparietal cortex and the cellular
composition of spinal cords in marmosets are similar to those of other primates.

Marmoset primary motor cortex, as described in this work and independently
confirmed (Burman et al., 2008), is so similar in architectonics and physiology to the
primary motor cortex of other primates (Gould et al., 1986; Stepniewska et al., 1993; Wu
et al., 2000) that we consider it a homologous region. Furthermore our physiological
examination of premotor cortex, combined with analyses of architectonics and
connectivity (Burman et al., 2006; Burman et al., 2008), suggests that marmosets also
have at least three premotor areas. While the smallest mammals such as shrews have
only the most basic cortical areas such as primary somatosensory, auditory, and visual
areas (Catania et al., 1999), it seems that even the smallest monkeys have preserved the
general primate motor plan (Fig. 1). Marmosets appear to be similar to other primates in
the differentiation of primary and premotor areas, the amount of cortex devoted to the
motor system, and the amount of primary motor cortex devoted to each body part.

The reorganization of somatosensory cortex in marmosets is also similar to other
primates. After dorsal column injury regions of somatosensory cortex do not remain
silent, but in most cases adopt abnormal receptive fields, often of adjacent digit, palm, or

forearm regions. This type of reorganization seems to be characteristic of many
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Galago
Marmoset
Owl monkey

Macaque

Marmoset
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Maca que V2 . Primary somatosensory cortex (3b)

El Primary motor cortex (M1)
E] Auditory core

. Medial temporal area (MT)
. Primary visual cortex (V1)

Figure 1. Cortical organization of sensory and motor areas in several primate species. The
organization of galago, marmoset, owl monkey, and macaque monkey cortices are based on
Burish et al. (2008), Krubitzer and Kahn (2003), and Stepniewska et al. (2006). Several of the
macaque areas (V1, V2, MT, 3b, 3a, SMA, and auditory core) are buried within sulci. The
phylogenic tree is based on Purvis (1995). Scale bars =5 mm.
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mammals, as a similar amount of somatosensory plasticity is seen in rodents (Jain et al.,
1995) as well as primates (Jain et al., 1997). Likewise marmoset behavior after dorsal
column lesions is similar to that found in rodents (McKenna and Whishaw, 1999), non-
human primates (Vierck, 1973; Vierck, 1974; Vierck, 1977; Vierck and Cooper, 1998),
and humans (Kaas et al., 2008; Nathan et al., 1986), in that there are many transient
behavioral deficits. The implication for this work is that spinal cord treatments that work
in rats are likely to work in non-human primates and humans as well. Rats are an
excellent model for initial therapeutic studies, as they are inexpensive and their
somatosensory plasticity and behavioral abilities are similar to those of primates (Kaas et
al., 2008). However, because motor fibers pass through the dorsal columns in rats,
studies of injury repair are in some sense different than similar studies performed in
primates. This is one reason that rats are not necessarily the ideal model for human
spinal injuries. Along with other concerns, such as the fact that fine motor control of the
fingers cannot be tested in rats, potential therapeutic treatments should move from rats to
non-human primates and then to human trials (Courtine et al., 2007). The marmoset
results in this study, when combined with previous findings in owl monkeys (Jain et al.,
1997), show that two different species of New World monkeys have similar
reorganizations after dorsal column lesions. The particular species of non-human primate
used for testing, then, may not be critical. One caveat that should be added is that animal
studies often use a low-dose (1 mg/kg) of the corticosteroid dexamethasone, given
approximately 1 hour before spinal cord injury, primarily to prevent CNS swelling.

However, it should not be considered the same as the current recommended treatment for
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spinal cord injury, a high-dose (5.4 mg/kg/hr for 24-48 hours) of the corticosteroid
methylprednisolone (Bracken et al., 1990; Bracken et al., 1997).

Finally, the evolution of tree shrew and primate spinal cords, including
marmosets, seems to follow straightforward mathematical plots. Evidence in this study,
together with previous investigations of spinal cord scaling (Fox and Wilczynski, 1986;
MacLarnon, 1995; MacLarnon, 1996), suggests that selection pressures on the spinal cord
are similar throughout the tree shrew and primate lineages. These selection pressures,
however, are different than those of the brain, which follow different allometric scaling
rules (Herculano-Houzel et al., 2007). One popular interpretation in allometric scaling of
cortex is that 1) certain areas of the brain are responsible for social intelligence, 2) an
increase in cortical size over the normal brain/body ratio may correlate with increased
social intelligence, and 3) natural selection has favored primates capable of increased
social complexity. As the spinal cord has not been hypothesized to have any involvement
in social intelligence (Krompecher and Lipak, 1966), this may be one fundamental

difference as to why brains and spinal cords have different scaling rules.

Unresolved issues

During the course of this research a number of questions were raised that were not
completely answered. The more interesting topics from each study will be presented
here.

In chapter two, the areas giving the best responses to motor stimulation were M1,
3a, and to some extent 3b. Fewer responses were evoked from premotor areas and from

the caudal somatosensory area 1/2, making these two regions the least understood. In
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some primates premotor cortex consists of five areas which can all be subdivided based
on connectivity patterns, architectonics, and physiology (Luppino and Rizzolatti, 2000;
Rizzolatti and Luppino, 2001). Likewise the somatosensory region caudal to area 3b
consists of some combination of areas 1, 2, and 5 in different primates (Padberg et al.,
2007). Unfortunately our investigation is not extensive enough to comment on these
regions in detail. To define an area completely, several lines of evidence are required: a
complete topographic representation of the body, a unique pattern of connectivity, a
characteristic histology, and a neuronal population with distinct physiological properties
(Felleman and Van Essen, 1991). These lines of evidence have for the most part been
satisfied for marmoset areas M1, 3a, and 3b (Burish et al., 2008; Burman et al., 2006;
Burman et al., 2008; Huffman and Krubitzer, 2001a; Huffman and Krubitzer, 2001b;
Krubitzer and Kahn, 2003; Krubitzer and Kaas, 1990; Qi et al., 2002). For premotor
cortex and area 1/2, only the architecture of premotor cortex has been well characterized
(Burman et al., 2006). An investigation of architectonics in area 1/2 is necessary, as well
as additional investigation into the physiology and the connectivity of both of these
regions.

In chapter three, an unavoidable factor in all studies of dorsal column injuries is
the completeness of the lesion. Since so few fibers appear to be necessary for normal
functioning (Beck, 1976), studies which find little to no change after dorsal column
injury must always be questioned for completeness of the lesion. Despite the relatively
large lesions in some of our cases, relatively small changes were found in behavior and in
somatosensory organization. Thus this dissertation focuses on the positive results, that

some cortical reorganization and behavioral deficits are found after injury, despite the
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fact that the reorganization and deficits were not as extensive as the lesion size would
suggest.

The question of motor effects after a dorsal column lesion is also still a matter of
debate. We found little change in motor cortex organization, but our lesions were
incomplete. Of the three animals whose motor cortices were investigated in this study,
only the galago had a large region of somatosensory cortex that was deprived of inputs,
and it only represented one side of the forearm. Unpublished results from macaques have
also found few motor changes (Kaas et al., 2008). The question is an interesting one, as
motor cortex appears to encode several somatosensory-related features such as limb
position and speed (Churchland et al., 2006; Georgopoulos, 1995; Graziano et al., 2002a;
Graziano et al., 2002b; Kakei et al., 2003; Wang et al., 2007). But additional studies in
primates are required, ones that involve extensive lesions of the dorsal columns while
leaving the lateral columns completely intact.

In chapter four, a systematic study of the entire spinal cord was performed. This
analysis is informative, but in the brain many of the interesting findings come from
comparing subdivisions of the brain with each other. Different brain components appear
to be subject to different selection pressures (Clark et al., 2001; Stephan et al., 1981), and
it would be interesting to perform this type of component analysis on the spinal cord,
dividing the spinal cord either by pathway or by vertebral level. Additionally, there is
some question how the methods in this dissertation, using a relatively new
homogenization technique to count cells (Herculano-Houzel and Lent, 2005), differ the
stereologic method of counting cells (Schmitz and Hof, 2005). A direct comparison of

the two techniques may be necessary to relate the findings.
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