
CHAPTER III 
 
 
 

CORTICAL REORGANIZATION IN THE ADULT MARMOSET AFTER A DORSAL 
COLUMN LESION 

 
 
 
Cortical plasticity in response to injury has been demonstrated in both Old World and New 

World monkeys (Pons et al, 1991; Jain et al, 2000; Darian-Smith et al, 2000; Garraghty et al, 

1991). Several reports have demonstrated cortical plasticity in response to injuries to the 

periphery, while others have shed light on the resulting cortical changes that emerge from 

direct insult to the central nervous system (CNS). These have been vital in contributing to an 

understanding of the ability of cortex to reactive, reorganize, and recover from injury.  

The somatosensory cortex is of especial interest as it is directly implicated in the functional 

deficit that results when a person suffers damage to the dorsal spinal cord. The dorsal 

column medial lemniscal pathway is the route via which touch information travels from the 

periphery to the somatosensory cortex. These fibers travel dorsally within the spinal cord 

and are especially susceptible to insult.  

Persons suffering from spinal cord injury number more than 250,000 in the US alone. These 

injuries (dependent upon severity) usually mean the loss of independence, income, and a 

reduced quality of life. The effects of SCI within the central nervous system and specifically 

somatosensory cortex remain poorly understood, therefore current efforts are directed at 

elucidating these effects as well as the mechanisms via which they are mediated. These 

findings may prove critical in enhancing the quality of life for people suffering from spinal 

cord injury (Anderson et al, 2004, 2011). 
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The marmoset model 

There are different animal models employed to study SCI. Most studies are conducted 

within rodent populations, but a number (Darian-Smith et al, 2004; Vessal et al, 2007; Wall 

et al, 1992; Yang et al, 2006; Jain et al, 2009) utilize non-human primates that are 

evolutionarily closer to humans. This of course facilitates generalizability to the human 

population. It must be appreciated though, that among these non-human primate 

subfamilies, there is evolutionarily variable organization of cortex, and an appreciation for 

these organizational differences is necessary to accurately predict the human condition. This 

can be better achieved via comparative analyses of how SCI affects different non-human 

primate species. 

 

 

Cawthon Lang KA. 2005 May 18. Primate Factsheets: Common marmoset 
<http://pin.primate.wisc.edu/factsheets/entry/common_marmoset>. Accessed 2011 April 24. 
 
     
 

The common marmoset (Callithrix jacchus) (Fig.1) is a New World monkey of  

the Callitrichid family. They are arboreal animals, are especially distinguished by the lack of a 

prehensile tail, and have claws on all fingers but digit 1. They demonstrate considerable 
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skilled hand use, but lack a precision grip (the ability to oppose D1 to D2). Instead they 

primarily employ the power grip whereby they oppose D2-5 digits to the palm (Krubitzer 

and Disbrow, 2005; Fleagle, 1999).  This is consistent with prior descriptions of their area 3b 

somatotopy and myeloarchitecture as lacking the clear receptive field (RF) and myelin-

stained borders between digits that are observed in other primates with skilled hand use 

(Carlson, 1986; Fitzpatrick, 1982). The importance of accurate cortical representation and 

processing of digit and hand use is clearly appreciated when one considers the behavioral 

deficits observed subsequent to extensive perturbation of the primary afferent tactile and 

proprioceptive fibers that ascend from the periphery via the dorsal columns. Animals 

experience gross deficits in their ability to accurately guide the affected arm and hand toward 

an object of interest, e.g. a food item. Additionally, once the item is within its grasp, the 

animal may drop it or keep looking for it due to the loss of tactile sensation. Given that the 

normal organization of the marmoset somatosensory cortex has previously been described 

(Fig.2) in some detail (Krubitzer et al, 2001), this enables us to investigate the changes that 

occur subsequent to spinal cord injury. 

 

Prior to injury, the marmoset somatosensory pathway closely resembles that of other 

primates. Tactile information from the periphery makes it way to cortex first via 

mechanoreceptor activation in the skin. Subsequent action potentials in the dorsal root 

ganglia propagate ipsilaterally along the dorsal columns of the spinal cord and up to the 

cuneate and gracile nuclei of the medulla. From there, axons decussate and make their way 

to the primary somatosensory cortex via the relay thalamus.  

Similar to other primates, electrophysiological inquiry has shown multiple representations of 

the body in the marmoset somatosensory cortex. Area 3a preferentially responds to 
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movement of the limbs or taps to the body (Carlson, 1986); area 3b/ S1 responds robustly 

to cutaneous input. There is however, insufficient evidence to indicate that there are separate 

and distinct areas 1 and 2.  

Our investigation focuses on the primary somatosensory area 3b which is highly responsive 

to light cutaneous input from the periphery. Areas 3a and 1 / 2 are also described where 

information is available. Prior studies have illuminated an organized map of the body, with 

face territories most lateral to the digit and hand representation, and a medial progression to 

upper limb and trunk territories.  

 
  

80



Materials and Methods 
 

All methods herein were part of a protocol approved by the Vanderbilt Animal Care and 

Use Committee, and followed the National Institutes of Health guidelines. Three of the 

marmosets used were a generous gift from Dr. Afonso Silva. 

 

Dorsal Column Lesion 

5 adult common marmosets (Callithrix jacchus jacchus) were initially anesthetized with a 

mixture of ketamine (8-10 mg/kg) and xylazine (0.4 mg/kg). We then administered 

appropriate dosages of dexamethasone (1mg/kg, IM; Phoenix Scientific Inc., St. Joseph, 

MO), Robinul (.015 mg/kg, IM; Baxter Healthcare Corp., Deerfield, IL), and antibiotic 

Ceftiofur (2.2 mg/kg, IM; Pfizer Inc., New York, NY).  They were then intubated and two 

drops of lidocaine applied within each ear canal to facilitate placing the animal within the ear 

bars of the stereotax. Anesthesia was maintained with 0.5-3.0% isoflurane for the duration of 

the experiment, and the heart rate, respiratory rate, and body temperature monitored. In 

each case, an incision was made above the cervical vertebrae, and the layers of the superficial 

and deep back muscles were separated from the vertebrae along the midline. A laminectomy 

was performed with fine rongeurs, wherein the spiny process and laminae of C4 and C5 

vertebrae were removed. Subsequent to removal of the dura and visualization of the dorsal 

root entry zones, a depth-marked needle was inserted at midline and lateral to that at the 

dorsal root entry zone. This was done to minimize distortion of the spinal cord prior to 

confirming the desired mediolateral extent of the lesion. Small depth-marked iris scissors 

were then inserted into these borders and the lesion completed. The depth-marked needle 

was then re-inserted into the lesion and swept across its extent to ensure no fibers were left 

intact. Gelfilm faux-dura was then used to bridge the vertebrae that had been removed, and 

81



water-insoluble hemostatic gelfoam (Baxter healthcare corp., Hayward, Ca) held this in place 

and staunched any excessive bleeding. The muscles were sutured back into place with 

absorbable thread, and the skin was stapled. The animal was then allowed to recover, and 

monitored daily. To alleviate pain and distress, Buprenorphine (.005-.01 mg/kg, IM/SC; 

Reckitt & Colman Pharmaceuticals, Richmond, VA) was administered twice daily for three 

days post-operatively. 

 

CTB Injections 

Approximately five to six weeks later weeks later, and 4-7 days prior to microelectrode 

mapping, the animal was lightly anesthetized and injections of 1% anterograde tracer cholera 

toxin B-subunit (CTB) were made in the digits of the left and right hand. This was achieved 

with multiple injections of ~5-10µl each within the glabrous digits via a Hamilton syringe. 

The animal was then allowed to recover. 

CTB-immunoreactivity within the cuneate nucleus was later used in addition to spinal cord 

section reconstruction to assess the extent of the dorsal column lesion.  

 

Electrophysiological recording  

The animal was initially anesthetized with a mixture of ketamine (8-10 mg/kg) and xylazine 

(0.4 mg/kg). We then administered appropriate dosages of dexamethasone (1mg/kg, IM; 

Phoenix Scientific Inc., St. Joseph, MO), Robinul (.015 mg/kg, IM; Baxter Healthcare Corp., 

Deerfield, IL), and antibiotic Ceftiofur (2.2 mg/kg, IM; Pfizer Inc., New York, NY).  They 

were then intubated and two drops of lidocaine applied within each ear canal to facilitate 

placing the animal within the ear bars of the stereotax. Anesthesia was maintained with 

ketamine administered intravenously via an infusion pump at .25−1.53ml/hr. for the 
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duration of the experiment, and xylazine was supplemented every 2 to 4 hours. The heart 

rate, respiratory rate, and temperature were monitored throughout. 

A craniotomy was performed contralateral to the side on which the spinal cord lesion had 

been made. A section of the dura was removed to expose the region of interest, and the 

brain surface was coated with silicone to prevent drying of the cortex. A high-resolution 

picture of the brain was taken; this was used to mark the placement of the electrode 

penetrations. With the use of a stereotaxically guided hydraulic drive (Kopf Instruments, 

Tujunga, CA) the low impedance tungsten microelectrode (1 mΩ at 1 kHz; Microprobe, 

Potomac, MD) was advanced perpendicular to the brain surface and multiple recordings 

made within a grid across area 3b. The step microdrive was primarily advanced at distances 

.5mm x.5mm. Adjacent rows/columns points were then methodically interspersed to 

maximize sampling across the cortex such that the sampling density was .25 x .25, with small 

deviations to avoid blood vessels. Low threshold tactile responses were elicited with cotton 

tipped brushes and fine tipped pliable probes. Every effort was made to maximally localize 

the receptive field: a difficult task given that receptive fields became enlarged subsequent to 

injury. Several electrolytic lesions (10µA) were later made within the cortex at strategic sites 

to enable reconciliation of the cortical tissue with the electrode penetrations recorded.  

 

Immunohistochemistry & Anatomical Reconstruction 

Cortex 

The animal was subsequently perfused transcardially with buffered 4% paraformaldehyde 

(PFA), and then with 4% PFA with 10% sucrose. Post-perfusion, the mapped hemisphere 

was separated, in some instances blocked, flattened and cut parallel to the surface at 40µm 

intervals. One series of alternating sections was processed for metabolic-indicative 
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cytochrome oxidase to delineate architectonic boundaries, and the other processed for 

myelin enabling visualization of the myelin-dense somatosensory area 3b. These fiber 

sections were then used to reconcile the electrophysiological data with the cortical areas.  

Anatomical reconstruction was accomplished by first outlining the architectonic borders of 

each section stained for myelin. This was done under a Bausch and Lomb microprojector 

(Bausch & Lomb, Rochester, NY). Each section was aligned with the others via landmarks 

including the lateral sulcus, the blood vessels throughout, and the electrolytic lesions made 

during mapping. Images of these sections were then imported into Adobe Illustrator (Adobe 

Systems Inc., California)where realignment of each section was accomplished with the use of 

the opacity function. 

 

Spinal Cord 

Prior to removal from the body, we inserted two pins contralateral to the site of the lesion: 

one just rostral, the other just caudal. This enabled us to reliably identify the lesion within 

the processed sections, and also served as alignment landmarks during reconstruction. The 

peri-lesioned spinal cord was sectioned horizontally, and the tissue just rostral to that 

sectioned coronally. An alternating series of horizontal sections were reacted for cytochrome 

oxidase, enabling clear demarcation of the grey and white matter. Another series was 

incubated with primary goat anti-CTB (1:4000; List Biological Laboratories, Canada) diluted 

in tris-buffered saline containing 2% Triton X-100 (Sigma, St. Louis, MO) and 2.5% normal 

rabbit serum (Millipore, Massachusetts) to visualize the forelimb primary afferents and 

terminal fields.  
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CTB section images were subsequently placed in Adobe Photoshop (Adobe Systems Inc., 

California), and the same contrast and brightness level tools applied bilaterally to heighten 

contrast and lower background staining. 

An image of each horizontal section was placed in a separate layer in Adobe Illustrator. They 

were aligned with the use of program guidelines that horizontally intercepted the two 

pinpoints and ran vertically along the spinal cord midline. This enabled a precise coronal 

alignment for reconstruction. The white matter, grey matter, and lesion borders were 

outlined for each section, and in the absence of the spinal cord image were subsequently 

placed atop each other to recreate the lesioned coronal spinal cord. 

 

Brainstem 

Once removed from the brain, the brainstem was separated, blocked, and left in 30% 

sucrose overnight. Sections were then cut coronally at 40µm intervals. One series of 

alternating sections was processed for cytochrome oxidase to maximally visualize the cuneate 

nucleus, and the other processed for CTB-IR. 

These were incubated with primary goat anti-CTB (1:4000; List Biological Laboratories, 

Canada) diluted in tris-buffered saline containing 2% Triton X-100 (Sigma, St. Louis, MO) 

and 2.5% normal rabbit serum (Millipore, Massachusetts) to visualize the forelimb primary 

afferents and terminal fields. They were subsequently placed in Adobe Photoshop (Adobe 

Systems Inc., California), and the same contrast and brightness level tools applied bilaterally 

to heighten contrast and lower background staining. 
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Results 

Each animal underwent terminal somatosensory mapping, wherein a varying amount of 

cortex was electrophysiologically probed. The results of each, along with the reconstructed 

spinal cord lesion and corresponding CTB-traced brainstem nuclei are described below. 

 

Case 9-26. 

The spinal cord reconstructed in this case (Fig 3) indicated that the lesion made was almost 

complete with minimal sparing of the ventral-most dorsal column fibers. Correspondingly, 

when the brainstem was visualized (Fig 4) subsequent to CTB tracing and probed for CTB-

immunoreactivity (CTB-IR), little or no staining was evident ipsilateral to the lesion. This 

was in contrast to dense staining observed on the contralateral side. 

The somatosensory map (Fig 5) derived in this case reflected the likely reorganization of the 

traditional location of area 2. These recordings were recorded via low threshold cutaneous 

stimulation, were made just over a millimeter caudal to area 3b (Fig 6-8), observed over a 1 

½ mm rostrocaudal expanse, and labeled ‘excellent’ on a 5 point “very weak to excellent” 

responsiveness scale. It has been previously said however, that the common marmoset may 

not have a distinct area 2 (Krubitzer, 2005), and area 2 has been described in other New 

World monkeys as electrophysiologically unresponsive to low-threshold cutaneous 

information from the periphery (Sur et. al, 1982). Still unresolved is whether there is a 

complete tactile-processing map just caudal to the location of area 1 in any New World 

monkey, and if its properties are more akin to those of area 5 in the Old World macaque 

than the traditional area 2. Here we describe, for the first time, the topographic organization 

of robustly electrophysiologically responsive cortex immediately caudal to area 1 in the 

common marmoset after spinal cord injury. 
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Neuronal populations responsive to the neck were found well outside of the expected 

cortical boundaries, and a greater than 1mm mediolateral cortical representation of the 

dorsal hand also indicated a likely expansion. An extensive hand and forelimb representation 

has been previously reported for area 2 however (Pons et al, 1985), as this cortical field is 

heavily involved in providing necessary tactile clues for skilled hand movement (Kandel & 

Schwartx, 1991). This makes it difficult to gauge the possible expansion of cortical territory 

devoted to the dorsal hand. Nonetheless, it is hard to imagine that in the normal 

organization of these areas, an extensive dorsal hand representation (as opposed to an 

enhanced representation of the digits and glabrous hand) would better enable an animal to 

skillfully use its hands.  No cortical territories responsive to the digits were found. The lack 

of a histological hand-face border and a complete map preclude us saying definitively 

whether the face representation was expanded. 
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CN CN

LESIONED

Figure 4 depicts injections of  CTB anterograde tracer into the glabrous digits 
of  both hands of  the marmoset. When the cuneate nucleus (CN) was 
visualized subsequent to CTB tracing and probed for CTB-immunoreactivity
(CTB-IR), the amount of  tracer seen ipsilateral to the lesion was much 
reduced. This was in contrast to dense staining observed on the contralateral 
side. This was consistent with minimal sparing of  the ventral-most dorsal 
column fibers as illustrated in figure 3.
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Figure
Each colored square represents the receptive field for each electrode penetration.Multi-
colored squares responded to tactile stimulation of  more than 1 part of  the body. Xs indicate
where the cortex was unresponsive. The stars mark the sites where electrolytic lesions were
made. The arrowhead marks the location of  the myelin-light septum that separates the face 
and hand territories. The somatosensory map derived in this case reflected the possible
reorganization of  what appeared to be area 2. These recordings were recorded via low threshold
cutaneous stimulation and were made a millimeter caudal to area 3b. 
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Figure 6 depicts a lateral view of the actual right hemisphere removed from 
Case 9-26. Likely divisions of the visual cortex (17,18) as well as the superior 
temporal sulcus (sts), lateral sulcus (ls), second somatosensory area (SII) and 
parietal ventral area (PV) are depicted for orientation. Actual location of area
3b has been demarcated via superimposition of a layer 4 section stained for 
myelin, and areas 3a, 1, 2 and M1 surmised from their location respective to 
3b. Each minor division of the ruler is .79 mm.
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Figure 8. 
Case 9-26 A myelin-stained flattened section depicts where electrophysiological 
recordings were made relative to area 3b. The section has been superimposed
onto an outline of  the actual brain, and the recording sites have been 
superimposed via alignment of  the lesion sites made during surgery (stars). 
Likely divisions of the visual cortex (17,18) as well as the superior 
temporal sulcus (sts), lateral sulcus (ls), second somatosensory area (SII) and 
parietal ventral area (PV) are depicted for orientation. Actual location of area
3b is revealed via a series of myelin light and dark regions, and areas 3a, 1, 2 and M1
surmised from their location respective to 3b. The scale bar = 1mm.

1 mm
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Case 9-26 A myelin-stained flattened section depicts where electrophysiological 
recordings were made relative to area 3b. The section has been superimposed
onto an outline of  the actual brain, and the recording sites have been 
superimposed via alignment of  the lesion sites made during surgery (stars). 
Likely divisions of the visual cortex (17,18) as well as the superior 
temporal sulcus (sts), lateral sulcus (ls), second somatosensory area (SII) and 
parietal ventral area (PV) are depicted for orientation. Actual location of area
3b is revealed via a series of myelin light and dark regions, and areas 3a, 1, 2 and M1
surmised from their location respective to 3b. The scale bar = 1mm.
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Case 9-26 A myelin-stained flattened section depicts where electrophysiological 
recordings were made relative to area 3b. The section has been superimposed
onto an outline of  the actual brain, and the recording sites have been 
superimposed via alignment of  the lesion sites made during surgery (stars). 
Likely divisions of the visual cortex (17,18) as well as the superior 
temporal sulcus (sts), lateral sulcus (ls), second somatosensory area (SII) and 
parietal ventral area (PV) are depicted for orientation. Actual location of area
3b is revealed via a series of myelin light and dark regions, and areas 3a, 1, 2 and M1
surmised from their location respective to 3b. The scale bar = 1mm.
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Case 9-28. 

The reconstructed spinal cord in this case (Fig 9) indicated that a complete lesion of the 

dorsal columns had been made. This observation was in accordance with the CTB-IR 

brainstem sections (Fig 10) wherein little or no staining was seen on the lesioned side. This 

contrasted with dense staining of the primary afferent terminal fields on the contralateral 

side. 

The somatosensory map derived (Fig 11) was an extensive one and reflected areas 3a, 3b, 

and 1 / 2. Area 3a was largely unresponsive, as was expected given the use of light tactile 

stimulation. The somatotopy of area 3b indicated that large-scale reorganization had taken 

place; a considerable expanse of cortical territories that normally subserve the digits now 

responded to tactile stimulation of the neck. These neck-responsive neuron populations 

were observed as much as 2 mm medial to the hand-face border. These recording sites were 

often responsive to both the neck and dorsal hand, which further exemplifies the 

phenomenon whereby receptive fields become larger and less discriminative after an 

extensive spinal cord lesion. Interestingly, cortical territories responsive to digit 5 (D5) were 

observed, and these too were expanded. This was an unexpected observation in that the 

lesion reconstruction depicted a complete lesion, and no CTB-IR was observed in the 

ipsilateral cuneate nucleus subsequent to tracer injection into D5. This leads us to consider 

that the source of this reactivation/reorganization may lie outside of first order dorsal 

column synaptic pathways. Of course, the alternative wherein a very minimal percentage of 

fibers escaped the lesion and our detection is a distinct possibility.  

Areas 1 / 2 did not depict a roughly mirror body representation of area 3b as is usually 

observed in normal somatosensory organization. This hints at some uniqueness to the 

projections to both areas, for the resulting non-reflecting reorganization of area 1 / 2 is not 

94



that expected if facilitated by serial projections from the thalamus by way of area 3b, or via 

parallel and direct projections from the ventral posterolateral nucleus of the thalamus. 

Instead, face-responsive neuronal populations were recorded from within territories where 

the digits are usually observed, and no digit receptive fields were recorded.  
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ii.

ii.

25

Case 9:28
Figure 9 illustrates the spinal cord reconstruction, with 2 of  the sections stained
for CO.  Each section is aligned with guidelines (not shown) that intersect the pin
points and the midline, then the spinal cord width, grey matter, and lesion borders are 
demarcated. The reconstructed spinal cord in this case indicated that a complete lesion
of  the dorsal columns had been made.
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LESIONED

Case 9-28
Figure 10 depicts injections of  CTB anterograde tracer into the glabrous digits 
of  both hands of  the marmoset. When the cuneate nucleus (CN) was 
visualized subsequent to CTB tracing and probed for CTB-immunoreactivity
(CTB-IR), little or no staining was seen on the lesioned side. This contrasted 
with dense staining of  the primary afferent terminal fields on the contralateral
side. 
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Figure 11: case 9-28.
The somatotopy of  area 3b indicated that large-scale reorganization had taken place; a 
considerable expanse of  cortical territories that normally subserve the digits now responded
to tactile stimulation of  the neck.
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Case 10-31. 

The lesion in case 31 (Fig 12) depicted a complete severing of the ipsilateral dorsal column 

fibers at the C5/C6 level. The ipsilateral dorsal and ventral horns were compromised as well. 

In accordance, CTB-IR within the cuneate nuclei ( Fig 13) showed dense staining on the 

contralateral side, but microscopic staining or no staining ipsilaterally.  

The somatosensory map derived (Fig 14) indicated large-scale reorganization had taken 

place. As expected, area 3a was mostly unresponsive to tactile stimulation. Few disorganized 

receptive fields were observed however, and these were largely of the neck. Area 3b revealed 

a large expansion of upper limb and shoulder receptive fields. These receptive fields were 

seen in close proximity to the hand-face border where D1 is usually observed. Area 3b was 

mostly responsive with receptive fields that rated ‘good’ to ‘excellent’ on a responsiveness 

scale. This reorganization of area 3b was partially reflected in area 1 / 2; specifically, 

receptive fields of the shoulder and upper arm were observed more laterally than expected. 

Receptive fields for the neck were also expanded. There was no observable representation of 

the hand or digits. 
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ii.

ii.

Case 10:31
Figure 12 illustrates the spinal cord reconstruction, with corresponding sections stained
for CO. Each section is aligned with guidelines (not shown) that intersect the pin
points and the midline, then the spinal cord width, grey matter, and lesion borders are
demarcated. The lesion in case 31 depicted a complete severing of  the ipsilateral dorsal
column fibers at the C5/C6 level. The ipsilateral dorsal and ventral horns were 
compromised as well. 
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LESIONED

Figure 13. 
Case 10-31: injections of  CTB anterograde tracer were made into the glabrous
digits 1, 3 and 5 of  both hands of  the marmoset. CTB-IR within the cuneate
nuclei showed dense staining on the contralateral side, but no staining 
ipsilaterally even when viewed under high magnification. 
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Figure   
As expected, area 3a was mostly unresponsive to tactile stimulation. Area 3b revealed
a large expansion of  upper limb and shoulder receptive fields. These receptive fields
were seen in close proximity to the hand-face border where D1 is usually observed. 
Receptive fields of  the shoulder and upper arm were observed more laterally than 
expected in area 1 / 2. Receptive fields for the neck were also expanded. There was
no observable representation of  the hand or digits.

14: Case 10-31
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Case 10-32. 

The lesion reconstruction in this case (Fig 15) depicted a complete severing of the ipsilateral 

dorsal columns at a C5/C6 level. There was some compromise of the dorsal horn. The 

reconstruction was in accordance with the CTB-IR within the brainstem (Fig 16), where no 

staining was seen ipsilaterally. This is in contrast to dense staining observed contralaterally. It 

was surprising then that the somatosensory map (Fig 17) depicted continued representation 

of some digits.  

Whereas area 3a was minimally probed, electrophysiological recordings within area 3b 

revealed that it was mostly responsive. Considerable reorganization was observed wherein 

receptive fields for the neck and chin were seen medial to the hand-face border, and cortical 

territories responsive to stimulation of the dorsal hand were scattered throughout. The palm 

representation was diminished and in its place receptive fields of the forearm and wrist were 

found. There was no observed representation of D1 or D5. D2, 3, 4 receptive fields were 

observed however.  D2 receptive field was much reduced; 2 electrode penetrations revealed 

D2 receptive fields, 1 of these also responded to cutaneous input to D3. Representations of 

D3 and D4 were observed in normal territories; however these were representations of the 

distal digits solely. 

Limited probing revealed an area 1 / 2 that was unresponsive lateral to the forearm 

representation. Receptive fields then progressed normally from forearm to upper arm, 

shoulder, and the upper trunk. 
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i.

i.

ii.

ii.

Case 10:32
Figure 15 illustrates the spinal cord reconstruction, with corresponding sections stained
for CO. Each section is aligned with guidelines (not shown) that intersect the pin
points and the midline, then the spinal cord width, grey matter, and lesion borders are
demarcated. The lesion reconstruction in this case depicted a complete severing of  the
ipsilateral dorsal columns at a C5/C6 level. There was some compromise of  the 
dorsal horn.
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LESIONED

Figure 16  
Case 10-32: injections of  CTB anterograde tracer were made into the glabrous
digits 1, 3 and 5 of  both hands of  the marmoset. In accordance with the 
spinal cord reconstruction, CTB-IR within the brainstem revealed no staining
ipsilaterally. This is in contrast to dense staining observed contralaterally.
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Figure 17 :case 10-32.
Each colored square represents the receptive field for each electrode penetration. Xs indicate
where the cortex was unresponsive. The stars mark the sites where electrolytic lesions were
made. The arrowhead marks the myelin-light septum that separates the face and hand territories.
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Case 10-34. 

When the brainstem of this animal (Fig 18) was reacted for CTB immunoreactivity 

subsequent to tracer injections into digits 1, 3, and 5, much reduced staining was seen 

ipsilaterally. Since the dorsal-most sections of the horizontally sectioned spinal cord were 

damaged, we were unable to correlate this with the CTB-IR observed, but thought it most 

likely that the C5/C6 spinal cord lesion was incomplete and had left some fibers intact. 

In accordance, when we probed the somatosensory cortex (Fig 19) some representation of 

the digits was revealed. Our map of area 3a revealed a greater representation of the palm 

than expected. This was in contrast to very minimal digit representation: specifically, only 1 

penetration revealed a D2 receptive field, and this was shared with the neck. Medial to these 

unusual receptive fields was a normal progression from mid-upper arm to trunk. We were 

unable to locate a myelin-light hand-face border within area 3b, and are unable to comment 

on mediolateral shifts within the somatotopic organization. Each digit was represented, 

although the only D2 receptive field observed was shared with the hand. There was only 1 

receptive field observed for D3 also; the dense vasculature prevented thorough sampling in 

the immediate territory however. Other perturbations included ectopic representation of the 

forearm; forearm receptive fields were seen as lateral as the D1 representation and within 

usually digit-exclusive D3-D4 territories. A considerable look was taken at area 1 / 2; and 

again revealed that the representation here did not mirror that of area 3b. Instead, face 

receptive fields were seen in territories 2mm medial to that seen in area 3b. These territories 

are usually responsive to the digits. The only digit represented here was D5, seen in sparse 

and ectopic territories. A normal progression of the upper arm, shoulder and trunk were 

observed most medially. 
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LESIONED

Figure 18  
Case 10-34: injections of  CTB anterograde tracer were made into the glabrous
digits 1, 3 and 5 of  both hands of  the marmoset. CTB-IR within the cuneate
nucleus revealed much reduced staining ipsilaterally. This is in contrast to dense 
staining observed contralaterally.
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Figure 19: case 10-34
Each colored square represents the receptive field for each electrode penetration.Multi-
colored squares responded to tactile stimulation or more than 1 part of  the body. Xs indicate
where the cortex was unresponsive. The stars mark the sites where electrolytic lesions were
made. Each digit was represented within area 3b, although the only D2 receptive field 
observed was shared with the hand. There was only 1 receptive field observed for D3 also. 
Other perturbations included ectopic representation of  the forearm for which receptive 
fields were seen as lateral as the D1 representation and within usually digit-exclusive D3-D4
territories. 
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Discussion 

 

Our results indicate that somatosensory cortical areas including 3b, 3a, area 1 and possibly 

area 2 undergo considerable reorganization subsequent to unilateral cervical dorsal column 

injury. We posit that one likely source of this reorganization is the sprouting of collateral 

axons of primary afferent fibers that remain intact after injury. The dorsal column nuclei are 

the recipient relay station of the dorsal columns and so provide a place of opportunity for 

the formation of new synapses onto nuclei that have become denervated due to the severing 

of their pre-synaptic connections. Whether these postsynaptic nuclei are appropriate targets 

that go on to make connections with corresponding parts of the body representation in 

cortex plays a crucial role in determining if amplification of an appropriate signal will occur, 

or if misperception of the source of input takes place. Formation of new dorsal column 

nuclei synapses between axons whose receptors originate from the upper arm onto post-

synaptic neurons whose projections eventually make their way to cortical territories of the 

hand will likely result in misattribution of stimuli to the upper arm as having come from the 

hand. These contrasting possibilities highlight the fact that neuroplasticity can be 

functionally beneficial as well as harmful. As such, it will be necessary to incorporate not 

only mechanisms that promote the eventual formation of new and functional synapses but 

also interventions that provide the guidance necessary for these new circuits to confer 

behavioral benefits to those affected by SCI. 

Interestingly, the emergent somatotopy outside of the primary somatosensory area (3b) does 

not always mirror that of 3b. This brings us to the consideration that there are likely unique 

projection patterns to each of these areas. Direct parallel projections from the ventral 

posterolateral nucleus of the thalamus (VPl) to areas 3a and 1 / 2 have been well 
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documented but do not explain the dissimilarity in receptive field patterns from those of area 

3b, whose projections are similarly compromised via the spinal cord lesion. Corroborative 

evidence for these unique projections arose from a series of studies by Krubitzer et al (2009), 

wherein neuroanatomical tracers were injected into electrophysiologically and 

architectonically defined thalamic nuclei and somatosensory cortical fields.  They found a 

high degree of convergent projections from thalamic nuclei to cortical areas 3b, 1, 2 and 3a, 

where a single cortical field receives input from at least two thalamic nuclei and sometimes 

as many as five. As expected, the ventral posterior nucleus of the thalamus projects to all 

these cortical areas, although there is variation in the density of connections. Those to areas 

3b and 2 are densest.  Most relevant to the uniqueness of input, the ventral posterior 

superior nucleus of the thalamus (VPs) has very sparse connections with areas 3a, 3b, and 1, 

but projects densely to area 2. The anterior pulvinar (Pla), on the other hand, has 

considerable projections to areas 3b, 1 and 2, but not to area 3a. Another variation is the 

exclusive projection from the inferior ventral posterior nucleus of the thalamus (VPi) to area 

1. While this nucleus has been shown to project to areas SII and the parietal ventral area 

(PV), projections to areas 3a, 3b, and 2 are undocumented (Disbrow et al, 2002; Stevens et 

al, 1993).  Still unresolved is how the variations in somatosensory cortical field somatotopy 

are effected by these differences in projection. 

Our results also indicate that in the event of a complete severing of the dorsal columns, 

alternative pathways are usually insufficient to maintain normal organization. Oddly enough, 

in one case (10-32) wherein a complete dorsal column lesion was reconstructed and CTB 

immunoreactivity after injections into digits 1, 3 and 5 showed no intact primary afferents 

terminating in the cuneate nucleus, we still observed representation of the digits in the 

somatosensory map, albeit disorganized. We must consider the possibility that a very small 
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percentage of fibers escaped our detection, but in the absence of such evidence we consider 

alternative pathways via which tactile information may have been conveyed to cortex. It is 

worth noting that these digit receptive fields were larger than is typically observed in normal 

topography. This may be a characteristic of receptive fields that is more compatible with 

processing crude touch information. As such, more complex properties of tactile stimulation 

such as two-point discrimination, and the detection of movement orientation across the skin 

may be lost. It is worth noting that projections to areas 3b, 3a, 1 and 2 primarily originate 

from the ventral posterolateral nucleus of the thalamus (VPL), and that these nuclei in turn 

receive projections from the spinothalamic tract (Apkarian and Hodge, 1989; Rausell and 

Jones, 1991) which carries crude touch information to somatosensory cortex. Additional 

evidence consistent with the viability of the spinothalamic tract as an alternative source for 

crude tactile information comes from clinical reports wherein lesions of both the dorsal 

columns and the spinothalamic tract led to complete loss of tactile and pressure sensibility in 

those parts of the body served by both pathways. In contrast, when only the spinothalamic 

tract was perturbed there were minimal or no tactile deficits observed whereas perturbation 

of the dorsal column fibers resulted in the loss of touch discrimination. There was also a 

deficit in position sense of the limbs, and guided actions were performed clumsily even 

though visually guided (Nathan et al, 1986).  

Naturally, we hope to examine the relative importance of these two pathways via controlled 

studies wherein we might sever the dorsal column pathways, examine the resulting deficits 

and then sever the spinothalamic tract to decipher if any improvements in function had been 

mediated via this compensatory pathway. Alas, the portion of the spinothalamic tract 

believed to subserve crude touch travels in the ventral-most portion of the spinal cord and 

(unlike the dorsal column pathway which decussates in the brainstem) does so contralaterally 
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to the side of the body that the afferents arise from. This precludes us selectively perturbing 

both pathways from one side of the body. 

We are unsure of what criteria are necessary for these compensatory activities of the 

spinothalamic pathways to engage and provide behaviorally beneficial changes within the 

somatosensory cortex. More often than not in the cases discussed here, there is considerable 

reorganization observed and these emerging receptive fields are more than likely substrates 

of misattribution of the source of tactile stimulation. As has been previously reported by 

Ramachandran et al (1992), phantom sensations are a problematic repercussion of extensive 

spinal cord injury. These sensations were described after he examined several patients who, 

after amputations or spinal cord injury, began to experience sensations on limbs that were no 

longer present or that had lost their connection to the somatosensory cortex. He posited a 

then novel explanation for the existence of phantom limbs, namely that the effect arose 

because tactile and proprioceptive inputs from the face and body regions proximal to the 

amputated limb had taken over the brain maps corresponding to the limb. As such, activity 

within these intact regions became misattributed as arising from the missing limb. What this 

model didn’t explain and what still remains unresolved is how the decision is made as to 

what ectopic inputs become expanded. That is, why does the face expand vs. the upper arm, 

or vice versa? Our understanding of the mechanisms that drive neuroplasticity lead us to 

submit activity-dependent collateral sprouting and axonal or dendritic growth as one of the 

likely substrates. It is well known that after sensory deafferentation of a limb occurs, the 

subject is loath to use it. As such, the activity-dependent ‘driving force’ decreases along with 

use. This is consistent with the contrasting results observed when behavioral rehabilitation is 

incorporated subsequent to spinal cord lesion. Indeed, Fawcett et al (2009) recently reported 

that only in the event of specific rehabilitation directed at the impaired limbs vs. general 
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rehabilitation was an improvement seen in relevant skilled actions. This suggests a 

competition among active (and proximal) regions of the body for available trophic factors 

that are upregulated after injury (Nakamura et. al, 2001; Kawakami et. al, 2001). Additionally, 

body areas whose neurons are maximally excited are those most able to inhibit the activity of 

competing neurons. Use of the impaired limb may not only serve to guide functionally 

relevant connections, but may also favor its cortical representation for expansion or ‘holding 

its own’. 

Another observation of interest (not shown) is the differential levels of cortical reactivation 

when similar dorsal column lesions were made in squirrel monkeys. Squirrel monkeys are 

also of the New World monkey lineage, but are believed to be more evolutionarily advanced 

than the marmoset monkey. Their brains are more complex, are gyrencephalic, and feature a 

central sulcus characteristic of more advanced anthropoids. When squirrel monkeys 

underwent dorsal column lesions at the same cervical level, the somatosensory maps later 

recorded often indicated considerable areas of unresponsive cortex. These maps were also 

recorded at later post-operative time points than those of the marmosets: eleven weeks vs. 

six weeks respectively, indicating that this was not simply due to the experimental 

manipulation of post-surgical survival time. This of course does not rule out the possibility 

that given enough time the somatosensory cortices of the larger squirrel monkey would 

become similarly reactivated. Indeed, after a prolonged period of twelve to twenty years, 

Pons et. al (1991) revealed massive cortical reorganization after sensory denervation in 

macaques wherein face receptive fields were found in territories normally serving the hand. 

This seeming variation in the ability of the somatosensory cortex to become reactivated is 

quite consistent however, with the tonic GABA-ergic inhibition and reduction in 
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neuroplasticity that is characteristic of the intricate nervous systems possessed by more 

complex animals. 

An unexpected finding mentioned above is the recording of low threshold cutaneous 

activation in what appears to be area 2. Area 2 is a traditional architectonic subdivision of 

anterior parietal cortex that lies caudal and adjacent to area 1. It has been 

electrophysiologically described in macaque monkeys as having an extended representation 

of the hand wherein digits 5 through 1 are represented in a mediolateral cortical strip, and 

then again more caudally within the same mediolateral level. Progressions into the hand, 

forearm, trunk, and hindlimbs are observed more medially, and just caudal to their 

representations in area 1(Pons et al, 1985).  

Our own recordings in the marmoset revealed a topography that heavily favored face inputs 

and those of the dorsal hand just caudal to an unresponsive border consistent with the 

location of area 1. Although we were unable to record from the entire mediolateral extent of 

the area, we believe the medial location of the recordings makes it unlikely that an un-probed 

and normal digit representation lies closer to midline. Instead, it is more feasible that a 

mediolateral shift has occurred wherein the face/dorsal hand representation encroached 

upon territories normally serving the digits. 

It has recently been posited though that an area homologous to area 2 (as demonstrated in 

the macaque and other Old World monkeys) may not exist in the primitive common 

marmoset or any other New World monkey (Krubitzer et. al, 2005). One of the reasons 

given for this assertion is the drop off in electrophysiological responsiveness in this area. 

Cortex just caudal and adjacent to area 1 has been repeatedly termed area 2 for the squirrel 

monkey (Sur et. al, 1982) and owl monkey (Merzenich et al, 1978) among other New World 

species. These researchers however, found weak responses or no response at all to cutaneous 

115



input from the periphery during electrophysiological recordings. This is in contrast to the 

present study wherein robust responses were recorded within the area. Undoubtedly, 

recording conditions may play a role in the responsiveness of the cortical area being probed, 

and indicates that, for such an important distinction to be made, additional studies aimed at 

examining and correlating the architectonics of the marmoset somatosensory cortex, 

somatosensory connections of the area just caudal to area 1, and its physiological properties 

with those of Old World monkeys whose area 2 have been well defined, are in order. 

 
 
 

Concluding Remarks 
 
 
In the present study, we used a marmoset model for patterning the organizational changes 

that might occur after an extensive injury to the posterior spinal cord. We confirmed that 

changes occur at all levels of the neuraxis, and that this reorganization is not confined to 

cortical fields 3b and 1, but may extend upstream to other areas that process complex 

stimulus properties.  

Via comparison with other species of New World monkeys that underwent similar injuries, 

we believe that a differential ability to reactivate injured cortex exists among primates, and 

that this variation may be important when it comes to considering non-human primate 

findings in the formulation of therapeutic interventions for human SCI. 

The area just caudal and adjacent to area 1 in the marmoset has for the first time 

demonstrated to be robustly responsive to cutaneous stimulation, and likely undergoes 

considerable reorganization subsequent to extensive spinal cord injury. Research into the 

homology of this area 1-adjacent field will likely require a comparative study of the 
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architectonics of the marmoset somatosensory cortex, somatosensory connections of the 

area just caudal to area 1, along with its physiological properties. 

 We considered the possibility that the organizational changes seen in cortex may reflect new 

and divergent subcortical connections formed by primary afferents that remain intact after 

injury, and that whether these postsynaptic nuclei are appropriate targets that go on to make 

connections with corresponding parts of the body representation in cortex plays a crucial 

role in determining if amplification of an appropriate signal will occur, or if misperception of 

the source of input takes place. We also consider that the spinothalamic tract may play a role 

in maintaining a crude somatotopy when the injury is less devastating. 

Lastly, we firmly believe that specific rehabilitation of limbs directly affected by injury (as 

opposed to general rehabilitation) is an essential component of clinical interventions that 

incorporate plasticity-promoting therapeutics, and that this serves to favor the impaired 

regions in the competition for available trophic factors and toward making functional and 

behaviorally relevant connections. 
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CHAPTER IV 
 
 
 

CONCLUDING REMARKS 
 
 

Reorganization of the marmoset somatosensory cortex after dorsal column injury 
 
The importance of accurate cortical representation and processing of digit and hand use is 

clearly appreciated when one considers the behavioral deficits observed after the dorsal 

columns have been interrupted. Animals experience gross deficits in their ability to 

accurately guide the affected arm and hand toward an object of interest. Additionally, once 

the item is within its grasp, the animal may drop it or keep looking for it due to the loss of 

tactile sensation. Since the normal organization of the marmoset somatosensory cortex has 

previously been described in some detail (Krubitzer et al, 2001), we were able to investigate 

the changes that occur subsequent to spinal cord injury. 

Each marmoset underwent a surgical procedure wherein the ipsilateral dorsal columns were 

partially or completely severed. Several weeks later, they received bilateral CTB tracer 

injections within the glabrous digits. Terminal somatosensory mapping followed, wherein 

the somatosensory cortex was electrophysiologically probed with microelectrodes.  

After reconstructions and immunohistochemistry, we were able to conclude that 

somatosensory cortical areas including 3b, 3a, area 1 and possibly area 2 undergo 

considerable reorganization subsequent to unilateral cervical dorsal column injury. We found 

that the post-SCI somatotopy outside of the primary somatosensory area does not always 

mirror that of 3b, and that this is likely due to different projection patterns to each of these 

areas. Additionally, in the event of a complete severing of the dorsal columns, alternative 

pathways are usually insufficient to maintain normal organization.  
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We posited that one likely source of this reorganization is the sprouting of collateral axons 

of primary afferent fibers that remain intact after injury. Whether these postsynaptic nuclei 

are appropriate targets that go on to make connections with corresponding parts of the body 

representation in cortex plays a crucial role in determining if amplification of an appropriate 

signal will occur, or if misperception of the source of input takes place. This serves to 

remind us that neuroplasticity can be functionally beneficial as well as harmful. Therefore, it 

will be necessary to not only promote the eventual formation of new and functional synapses 

but also to provide the guidance necessary for these new circuits to confer behavioral 

benefits to those affected by SCI. Use of the impaired limb may be crucial in guiding 

functionally relevant connections. 

Another observation of interest was the differential levels of cortical reactivation seen when 

similar dorsal column lesions were made in squirrel monkeys. When squirrel monkeys 

underwent dorsal column lesions at the same cervical level, the somatosensory maps later 

recorded often indicated considerable areas of unresponsive cortex even though these maps 

were recorded at later post-operative time points than those of the marmosets: eleven weeks 

vs. six weeks respectively. 

One unexpected finding was the recording of low threshold cutaneous activation in what 

appeared to be area 2. Our microelectrode recordings revealed a topography that heavily 

favored face inputs and those of the dorsal hand just caudal to an unresponsive border 

consistent with the location of area 1. Additional studies aimed at examining and correlating 

the architectonics of the marmoset somatosensory cortex, somatosensory connections of the 

area just caudal to area 1, and its physiological properties with those of Old World monkeys 

whose area 2 have been well defined, will however be necessary to conclusively determine if 

this area is homologous to area 2 of Old World monkeys. 
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Chondroitinase ABC promotes selective reactivation of the squirrel monkey somatosensory 
cortex after a cervical dorsal column lesion 

 

Glial scar formation in the spinal cord is a functional mechanism via which the injured CNS 

facilitates minimal resulting damage. Unfortunately, this same mechanism serves to inhibit 

regrowth of regenerating fibers, preventing the reconnection of afferents that transmit 

valuable information to higher levels of the neuraxis such as the somatosensory cortex. 

These inhibitory molecular elements usually override the permissive cues that still exist 

within the damaged region. 

Efforts are therefore directed toward reducing the inhibitory elements and increasing those 

molecular signals that are growth-promoting, thereby tilting the axis in favor of permissive 

neurite extension and reconnection.  

One prominent method toward maximizing reconnection of the deafferented periphery has 

been to act at a site of less inhibition and induce sprouting of intact terminals with the hope 

of increasing the signal to supra-threshold levels. Injection of the extracellular dissolving 

enzyme chondroitinase ABC into the deafferented dorsal column nuclei has been 

demonstrated to induce axonal sprouting. The new synapses formed have been shown to be 

electrophysiologically responsive, and therefore functional. Prior studies in rats indicate that 

application of chondroitinase ABC (chABC) to the dorsal column nuclei subsequent to 

dorsal column pathway damage, leads to functional reactive sprouting. As the effects of this 

brainstem-level sprouting upon denervated somatosensory cortex were unknown, we sought 

to determine how somatosensory cortical organization is affected subsequent to dorsal 

column pathway damage and chABC application to the cuneate nucleus in squirrel monkeys.  

A unilateral dorsal column transection at a C5/C6 level was made in 10 squirrel monkeys 

(Saimiri sciureus). This procedure resulted in the ipsilateral blockade of most of the ascending 
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touch and proprioceptive fibers of the forelimb and digits to the cuneate nucleus. During the 

procedure, an ipsilateral injection of chABC or the control penicillinase enzyme was given 

just lateral to the cuneate nucleus. The animals were then allowed to recover. Eleven to 

twelve weeks later, the animals were given injections of the anterograde tracer cholera toxin 

B-subunit (CTB) into digits of the left and right hand. CTB-immunoreactivity within the 

cuneate nucleus was later used in addition to spinal cord section reconstruction to assess the 

extent of the dorsal column lesion. 

Several days later, the somatosensory cortex contralateral to the spinal cord lesion was 

mapped with microelectrodes. Post-perfusion, the mapped hemisphere was separated, 

flattened and cut parallel to the surface. Cytochrome-oxidase and myelin staining allowed 

area 3b to be identified and related to the electrode penetrations made during mapping.  

In the chABC-treated animals, these recordings showed that cortical territories once 

activated by deafferented peripheral inputs had become primarily responsive to the D1 

afferents that remained intact after the lesion. In contrast, in animals that had not received 

treatment, the cortical area that had formerly received input from the deafferented periphery 

remained unresponsive or had receptive fields similar to proximal territories including the 

palm. We found no evidence of intra-cuneate nucleus sprouting but cannot conclusively 

state that this did not occur due to the limitations of the technique used for visualization. 

Specifically, if sprouting occurred and was mediated via second order neurons within the 

dorsal horn, projections from these neurons to ectopic terminal fields within the cuneate 

would not be labeled by CTB tracer. This pathway thus remains a possible route via which 

remaining D1 afferents traverse to the ipsilateral cuneate nucleus, where they may form new 

connections with denervated cuneothalamic neurons. 
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 The findings from this study indicate that chABC application selectively reactivated areas of 

somatosensory cortex that had become denervated by damage to the dorsal column 

pathway. Since reactivated cortical territory seemed to be allocated to no one part of the 

hand consistently among the penicillinase cases and there was no significant difference in 

responsiveness between the two groups, the chABC-induced expansion of D1 receptive 

fields suggested the possibility that this expansion of D1 came at the cost of cortical territory 

that may have otherwise been dedicated to the hand. 

However the pairing of specific behavioral rehabilitation with other therapeutic interventions 

(Fawcett et al., 2009) has been shown to yield the greatest functional recovery post- spinal 

cord injury. Therefore, a pairing of chABC intervention with specific rehabilitation would 

likely lead to more useful sprouting as opposed to haphazard sprouting of remaining 

afferents.  

 

Future Directions 

As mentioned previously, there is some question as to the homology of area 2 in the New 

World monkey. Future studies will aim at addressing this with a combination of 

electrophysiology and neuroanatomical techniques. It is also our wish to conduct a series of 

studies investigating the changes within this area after spinal cord injury.  

Additionally, we would like to further investigate the effects of chondroitinase ABC within 

the spinal cord and brainstem of non-human primates. Little is known about just how far-

reaching its effects are, and we hope to conduct a series of immunohistochemical studies to 

investigate this. Additionally, we would like to visualize its effects on the extracellular matrix 

after spinal cord injury. 
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Another direction of study is based on recent findings wherein oral administration of 

selective serotonin reuptake inhibitor (SSRI) has been found to reinstate ocular dominance 

plasticity in adulthood and promote the recovery of visual functions in adult amblyopic 

animals (Maya Vetencourt et al, 2008). These studies were conducted in rats that had 

suffered monocular deprivation. In the groups that had been administered SSRIs, BDNF 

levels within the visual cortex were increased, whereas GABA levels were decreased. This is 

of great interest due to the non-invasive manner in which this plasticity-promoting tool can 

be introduced. Since non-invasive interventions are highly preferable when treating human 

populations with SCI, we intend to investigate the effects of SSRI administration on 

behavioral recovery and cortical organization in non-human primates that have suffered 

spinal cord injury. 
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