
CHAPTER II 

 

CHONDROITINASE ABC PROMOTES SELECTIVE REACTIVATION OF THE SQUIRREL MONKEY 
SOMATOSENSORY CORTEX AFTER A CERVICAL DORSAL COLUMN LESION. 

 
 

 
The plasticity of cortex and its sensory representations has been repeatedly demonstrated, by 

accident and then later by design.  Initial discoveries of cortical reorganization in the sensory 

domain were made when the somatosensory cortex of a raccoon that had lost its forelimb 

depicted an overrepresentation of the remaining stump (Rasmusson et al. 1985). Subsequent 

studies in the non-human primate macaque revealed that many years after these animals had 

undergone rhizotomies of the dorsal roots subserving the arm, the silenced somatosensory 

cortex depicted extensive reactivation. Most curiously, the cortical territories that once 

served the arm responded instead to cutaneous input from the face (Pons et al. 1991). 

Similar and subsequent reports further indicated that this plastic property of cortex was 

demonstrable in adult owl monkeys, squirrel monkeys, humans, and even cats (Merzenich et 

al. 1984; Jain et al. 1997, Doetsch et al. 1990, Churchill et al. 2001, Darian-Smith et al. 1994). 

Importantly, these observations of cortical reorganization proved to be of great clinical 

relevance. The accompanying loss of sensorimotor feedback resulted in behavioral deficits. 

Specifically, when fibers of the dorsal columns were interrupted, there was a resulting 

reluctance to use the affected limb(s), and impairment in skilled-hand usage (Darian-Smith et 

al. 2005). Sadly, the failure of affected central afferent fibers to regenerate and reform 

connections with denervated targets means that these impairments are often permanent. 
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Somatosensation in a dynamic brain 

Tactile sensation from the periphery to the brain travels via the dorsal column-medial 

lemniscal pathway.  The central projections of primary afferents traverse the spinal cord 

toward their synaptic targets in the brainstem. From these cuneate and gracile nuclei fibers 

project via the medial lemniscus to the ventral posterolateral nucleus of the thalamus. 

Neurons in the thalamus then project to somatosensory cortex (Tracey, 1985).         

When the dorsal columns are completely lesioned at a high cervical level rostral to C4, this 

deprives the somatosensory cortex of activating inputs from all but a narrow strip of skin of 

the arm, and those from the face (there is some tactile information passed along the 

spinothalamic tract) (Kaas, 2005).  Partial lesions of the dorsal columns or dorsal roots also 

result in behavioral deficits such as have been demonstrated via the beam walking test, and 

the reach-retrieval task. Resulting deficits shown with these tasks have been correlated with 

the size and rostro-caudal placement of the lesions made, and a tight correspondence has 

been observed between digit use and somatotopic maps. Darian-Smith and Ciferri in 2006 

for example, showed that the digit maps recorded some time after injury showed re-

emergence of the digits that macaque monkeys had regained function of, but a silent zone 

remained for the digit not being utilized. 

Jain et al (2000) had earlier demonstrated a reorganized somatosensory area 3b in the owl 

monkey after an incomplete dorsal column lesion at C4/C5. Electrophysiological recordings 

made a year later indicated that receptive fields for the face were in the hand and arm cortical 

territories. When they injected the chin of these animals with neuronal tracer, they found 

immunoreactivity not only in the trigeminal (face) nucleus but also within the cuneate 

nucleus.  
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This form of plasticity is thought to result primarily from the formation of new connections, 

e.g. from collateral sprouts. It is believed that these axonal sprouts form local synapses onto 

deprived postsynaptic neurons, thus amplifying the weakened signal from the periphery to 

thresholds detectable by the next processing station (Darian-Smith, 2006). 

As such, researchers often try to promote collateral sprouting from fibers that remain intact 

after injury. Unfortunately, disruption of the blood-brain barrier typically takes place when 

spinal cord injury occurs. This allows invasion of connective tissues and upregulation of 

inhibitory molecules. This precedes and promotes the formation of a glial scar. The glial scar 

becomes a physical impediment to the growth cones of axons, and also a chemical one via its 

expression of inhibitory molecules (Miller and Silver, 2004). 

The bacterial enzyme chondroitinase ABC (chABC) however, is able to break down 

components of the glial scar, and thus promote growth of peri-lesion afferents (Bradbury et 

al 2002, Moon et al 2001). This outgrowth is on the order of millimetres however, and 

therefore does not facilitate functional recovery via the direct reconnection of axotomized 

neurons with their faraway targets. It has been posited though that the amplification of 

signal from remaining afferents via short-distance collateral sprouting may serve as a likely 

substrate for recovery of function (Darian-Smith 2000).  

It has also been shown that when chondroitinase ABC is applied within the brainstem after 

spinal cord dorsal column section, collateral sprouting occurs within the cuneate nucleus. 

After Massey et al (2006) injected chABC into the rat cuneate nucleus after spinal cord 

transections at a level that denervated part of the paw, cholera toxin B-subunit (CTB) tracing 

immunoreactivity at the level of the cuneate nucleus indicated sprouting of the remaining D1 

and D2 afferents into the terminal fields that had been denervated. This was accompanied by 

a greater frequency of D1 and D2 receptive fields observed during electrophysiological 
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recordings in the cuneate nucleus- a finding suggestive of an expansion into former 

territories of the deafferented digits. 

It remains unknown however, whether the administration of chABC will promote sprouting 

within the non-human primate cuneate nucleus, and what resulting changes this intervention 

will have at the level of the somatosensory cortex.  

We used a squirrel monkey model for these procedures, bearing in mind its well-documented 

tolerance for such invasive surgeries. 

This model is one of the less primitive New World monkeys, and has a fairly opposable 

thumb and considerable manual dexterity. It therefore avails us of generalizable 

somatosensory organizational characteristics and changes induced by spinal cord injury in 

the primate. 

 Fig 1. The squirrel monkey 

Cawthon Lang KA. 2006 March 16. Primate Factsheets: Squirrel monkey (Saimiri) Taxonomy, Morphology, & 
Ecology . <http://pin.primate.wisc.edu/factsheets/entry/squirrel_monkey>. Accessed 2011 April 22. 
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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.  

 

Dorsal Column Lesion and enzyme delivery 

10 adult squirrel monkeys (Saimiri sciureus) were anesthetized with a mixture of ketamine (8-

10 mg/kg) and xylazine (.4mg/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 water-insoluble 
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hemostatic gelfoam (Baxter healthcare corp., Hayward, CA) held this in place and staunched 

any excessive bleeding.  

The incision was then extended rostrally above the brainstem. The overlying muscles were 

retracted and the brainstem exposed. With the help of an assistant, the surgeon was blinded 

as to whether the animal received the treatment chABC or the control penicillinase (p-ase).  

A nanoinjector was then used to inject 1.4µl:- 46nl every 10 seconds for 5 minutes-  of either 

chABC or penicillinase just lateral to the cuneate nucleus. Injections were made at depths 

.7mm, and .3mm, after which the exposed brainstem was covered with gelfilm. 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 

Eleven to twelve 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.  
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Electrophysiological recording  

The microelectrode recordings were made with the experimenter blind to which drug the 

animal had been administered. 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 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 
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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 

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 
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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.  

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 another processed for CTB-IR. 
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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 and Discussion 

 

Case 7-113 

Case 7-113 received the control drug penicillinase. The dorsal column lesion made was 

incomplete, and left much of the cuneate fasciculus intact. This was consistent with the 

CTB-IR within the brainstem that showed dense labeling in the cuneate nucleus. CTB-IR on 

the side of the lesion was reduced. The electrophysiological recordings indicated that little 

reorganization had taken place in area 3b, and receptive fields for all the digits were found. 

RFs corresponding to the palm however, appeared in ectopic locations, and were more 

numerous than is typical. 

 

 

 
 
 
 
 
 
Figure 3. 
Case 7-113 received an incomplete lesion wherein much of the cuneate fasciculus was left 
intact. GF, gracile fasciculus; CF, cuneate fasciculus. Both are components of the dorsal 
columns. 

LESION RECONSTRUCTION

CFGF
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i.

i.

ii.

ii.

Case 7:113
Figure 3.1 illustrates the spinal cord reconstruction, with corresponding sections reacted
for CTB. Each section was aligned with guidelines (not shown) that intersect the pin
points and the midline, then the spinal cord width, grey matter, and lesion borders were
demarcated. The lesion reconstruction in this case depicted a partial severing of  the
ipsilateral dorsal columns at a C5/C6 level. There was some compromise of  the 
dorsal horn.
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LESIONED

Case 7-113
Figure 4 depicts injections of  CTB anterograde tracer into the glabrous digits 
of  both hands of  the squirrel monkey. i,ii,& iii illustrate the CN CTB-IR
and corresponding CO-reacted brainstem sections. Arrowheads indicate the 
location of  the cuneate nuclei.When the cuneate nucleus (CN) was 
probed for CTB-immunoreactivity (CTB-IR), staining was reduced on 
the lesioned side but still dense. This is consistent with the spinal cord 
reconstruction which indicates that the lesion was incomplete.

rostral

laterallateral

i.

i.

ii.

ii.

iii.

iii.

CUNEATE CTB-IR
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XFigure
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 cortical map shows little disorganization, and all digits are represented. 
Small perturbations include one ectopic D4 and D5 receptive field. Palm points
appear ectopic to and more expansive than normal territory. 
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Case 7-114 

 

Case 7-114 received a brainstem injection of the degradative enzyme chondroitinase ABC. 

The dorsal column lesion was extensive but incomplete. This was reflected in the 

electrophysiological recordings wherein receptive fields for digits one through 4 were found. 

However, only one receptive field each was found for digits 3 and 4. No receptive fields 

were found for digit 5. There were a few ectopic palm points, but most of the 

disorganization lay in the expansive and ectopic D1 representation. D1 RFs comprised 

almost half of the RFs encountered, and were found throughout areas 3b, 3a, & 1 / 2.  

 

 

 

Figure 6. 
Case 7-114 received an extensive lesion but a small percentage of fibers remained intact. 

LESION RECONSTRUCTION
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i.

i.

ii.

ii.

Case 7:114
Figure 6.1 illustrates the spinal cord reconstruction, with corresponding sections reacted
for acetylcholinesterase (AChE). Each section was aligned with guidelines (not shown)
that intersect the pin points and the midline, then the spinal cord width, grey matter, 
and lesion borders were demarcated. The lesion reconstruction in this case depicted 
an extensive but incomplete severing of  the ipsilateral dorsal columns at a C5/C6 level.
There was some compromise of  the  dorsal horn.

38



LESIONED

Case 7-114
Figure 7 depicts injections of  CTB anterograde tracer into the glabrous digits 
of  both hands of  the squirrel monkey. When the cuneate nucleus (CN) was 
probed for CTB-immunoreactivity (CTB-IR), staining on the ipsilateral side was
present only in the terminal fields of  digit 1. This indicated that the lesion was 
complete and severed all fibers caudal to the D1 dorsal root entry zones (DREZ).

rostral

laterallateral

i.

i.

ii.

ii.

CUNEATE CTB-IR
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Figure 8: case 7-114
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 map depicts digits 1 through 4, though 3, 4 are
observed once only.  D1 is observed in very ectopic locations and encountered at 
much greater frequency than the other digits. Digit 2 is also observed ectopically but 
there are fewer such receptive fields.. 
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Case 9-05 

Case 9-05 received a brainstem injection of the control drug penicillinase. The spinal cord 

reconstruction depicted a complete lesion of the dorsal columns at a level that denervates 

digits below D1. The cuneate nucleus rendering indicated that a much reduced number of 

ascending fibers remained ipsilateral to the lesion. There was some overrepresentation of 

D1, although less than seen in prior case 7-114. There was also some ectopic expression of 

the palm. Recordings proximal to the hand – face border indicated no medial shift of the 

face, and all face RFs were found lateral to the border.  

 

 

 

 

 

 

 
Figure 9.Case 9-05 received a complete lesion of the cuneate fasciculus at a level that 
denervated digits below D1. 
 

LESION RECONSTRUCTION
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LESIONED

Case 9-05
Figure 10 depicts injections of  CTB anterograde tracer into the glabrous digits 
of  both hands of  the squirrel monkey. When the cuneate nucleus (CN) was 
probed for CTB-immunoreactivity (CTB-IR), very little staining was seen on 
the lesioned side. While bilateral tracer transport was low for these injections, 
the minimal number of  ipsilateral afferents is consistent with the spinal cord 
reconstruction.

rostral

laterallateral
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