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Abstract

The development of a non-human primate (NHP) model of spinal cord injury (SCI) based on mechanical and compu-

tational modeling is described. We scaled up from a rodent model to a larger primate model using a highly controllable,

friction-free, electronically-driven actuator to generate unilateral C6-C7 spinal cord injuries. Graded contusion lesions

with varying degrees of functional recovery, depending upon pre-set impact parameters, were produced in nine NHPs.

Protocols and pre-operative magnetic resonance imaging (MRI) were used to optimize the predictability of outcomes by

matching impact protocols to the size of each animal’s spinal canal, cord, and cerebrospinal fluid space. Post-operative

MRI confirmed lesion placement and provided information on lesion volume and spread for comparison with histological

measures. We evaluated the relationships between impact parameters, lesion measures, and behavioral outcomes, and

confirmed that these relationships were consistent with our previous studies in the rat. In addition to providing multiple

univariate outcome measures, we also developed an integrated outcome metric describing the multivariate cervical SCI

syndrome. Impacts at the higher ranges of peak force produced highly lateralized and enduring deficits in multiple

measures of forelimb and hand function, while lower energy impacts produced early weakness followed by substantial

recovery but enduring deficits in fine digital control (e.g., pincer grasp). This model provides a clinically relevant system

in which to evaluate the safety and, potentially, the efficacy of candidate translational therapies.
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Introduction

Pre-clinical modeling of human spinal cord injury (SCI) has

advanced to the point where a variety of well-characterized

models of thoracic SCI are available in rodents and to a limited

extent, large animals. Recently, more attention has been placed on

cervical models of SCI, and several animal models are available.1–7

However, there continues to be substantial challenges in translating

laboratory success in rodent models of SCI to beneficial clinical

outcomes.8 As more therapeutic interventions near readiness for

translation into human clinical trials, the use of large animal

models, and non-human primates (NHPs) in particular, have been

re-examined.9,10

The NHP spinal cord and central nervous system (CNS) more

closely resemble humans than those of either rodent or porcine

species, particularly when considering cervical injuries and fore-

limb/hand function. Previous studies using an NHP cervical spinal

cord hemisection model identified important differences between

rats and NHPs in corticospinal tract (CST) function and plastic-

ity after injury.11 Further, the macaque hemisection model was
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developed to characterize recovery of function on a range of

forelimb and locomotor tasks, and has provided new insights into

recovery of function after SCI in primates.12,13 Because most hu-

man SCIs are contusive or compressive in nature and occur with

greatest frequency at the cervical level, we attempted to develop a

model of unilateral contusion injury to more closely model the

human injury without imposing severe functional deficits.

Based on our prior studies in the rat,7,14–16 we planned to generate a

unilateral contusion lesion at the C6-C7 spinal level that would result

in prolonged forelimb deficits. We predicted that the extent and du-

ration of behavioral deficit would vary as a function of lesion severity.

Further, we aimed to develop a model that would allow evaluation

of both potentially positive and negative effects of therapeutic in-

terventions on partial cord injuries, like those suffered by many hu-

man SCI patients, and to provide a sensitive translational platform.

We used a pre-planning approach based on engineering con-

siderations from prior rat injuries and scaled up using computa-

tional and surrogate cord modeling approaches.17 We now report

the design of the primate contusion device, the parameters of injury,

sustainability of functional deficits as a function of varying lesion

severities, and a multivariate syndromic analysis of the resulting

dataset.14,18 The ability to pre-set the injury level and predict out-

comes from the resultant biomechanical parameters provides a

potential means of efficiently testing candidate therapies in a NHP

model that more closely approximates the human condition.

Methods

Subjects

Nine adult male NHPs (Macaca mulatta) were subjects of this
study (Table 1). All housing and procedures were conducted in
accordance with the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals, and were approved by
The Institutional Animal Care and Use Committee at the University
of California at Davis. The animal care and use program at the
University of California at Davis is Association for Assessment and
Accreditation of Laboratory Animal Care International accredited.

Impactor device and surrogate testing

Actuator. The TestBenchTM system manufactured with a
friction-free actuator design was developed by Bose� ElectroForce
linear motor technology (Model 200N LM1; Bose Corporation,
Eden Praire, MN). This system operates using Wintest� 7.0 closed
loop control software, with powerful capabilities for real-time data
acquisition and custom waveform generation. A structural support

was custom-built to suspend the weight of the actuator (approxi-
mately 7.3 kg) over the surgical site, and was secured to a heavy-
duty stereotaxic frame (Model 1504; David Kopf Instruments,
Tujunga, CA,) on a spinal unit (Model 1780; David Kopf Instru-
ments Tujunga CA; Fig. 1A, 1C). The support structure allowed
positioning of the actuator in three dimensions. The impounder rod
was fitted with a 15-mm long and 4-mm wide lucite tip (Fig. 1A
inset and 1B), and two lasers adjacent to the impactor rod provided
crosshairs for positioning the impounder on the exposed dura.

Impactor set-up. Mechanical parameters for the impacts
were set with a 0.2 sec delay (dwell waveform) prior to initiating
the downward excursion for an impact at a speed of 1 m/sec until
reaching a specified vertical displacement (2.0-4.0 mm; ramp
waveform), followed by a dwell time of 0.02 sec (dwell waveform)
and fast retraction of the impounder at 1 m/sec to a height well
above the zero start point (8 mm). An example is shown in Figure
1F; the green line indicates the pre-set waveform. Impact param-
eters were adjusted with each successive test subject (Table 2).

Surrogate testing. A silicone polymer surrogate spinal cord
model (ellipsoid diameter a = 4.8 mm and diameter b = 8.9 mm) was
manufactured to match the size and compressive properties of the
spinal cord. To mimic the properties of the dura, cerebrospinal fluid
(CSF), and vertebral canal, the surrogate cord was enclosed in a
water-filled polyethylene plastic flat tubing and was placed in a
metal trough (approximately the size of the vertebral canal) em-
bedded in a Styrofoam block for stability. This surrogate model
allowed for initial development of the force reading protocol to
identify the dura, cord surface, and entrapment of the cord against
the canal. It also allowed for the calibration, tuning, and testing of
the impact protocol prior to each surgery. Thus, accurate and
consistent force and displacement readouts prior to the actual
in vivo impact were confirmed.17

Surgical procedures

Unilateral spinal cord contusion injury. The animals were
sedated with ketamine (10 mg/kg IM; Mylan Institutional LLC,
Rockford, IL) and atropine (0.05 mg/kg IM; Baxter HealthCare
Corp., Deerfield, IL), intubated, and maintained at a surgical plane
of anesthesia using isoflurane (1.5-2.0%; Piramal Critical Care Inc.,
Bethlehem, PA) and constant rate infusion of fentanyl citrate (7-
10 lg/kg/h intravenously; Hospira Inc., Lake Forest, IL). The sur-
gical site was prepared using standard aseptic techniques. The
animal was place in a standard stereotaxic instrument (Model 1780;
David Kopf Instruments). During surgery, body temperature, heart
rate, respiration rate, and indirect blood pressure were closely

Table 1. Summary of Study

Subject #1 Subject #2 Subject #3 Subject #4 Subject #5 Subject #6 Subject #7 Subject #8 Subject #9

Age (years/months) 7/11 7/1 7/3 6/5 7/0 6/7 11/11 7/2 9/6
Weight (kg) 8.8 10.9 13.2 9.3 14.7 10.8 11.0 11.9 15.2
Survival (weeks) 3 3 11 8 20 21 14 20 19
E-Cage Yes Yes Yes Yes Yes Yes Yes Yes Yes
von Frey No No No No Yes Yes Yes Yes No
Chair tasks* No No No No Yes Yes Yes Yes No
EMG No No No No No No Yes No No
Treadmill No No No No No No Yes** No No
MRI No No No No 1.5T 1.5T No 1.5T 3T
CST Tracing No No No No Yes Yes No Yes No

*Chair tasks include platform, grape on the stick, handle pull, and Brinkman board.
**Subject #7 was the only animal implanted with electrodes for EMG recording and for this reason not scanned in the MRI (data not shown).
E-Cage, exercise cage; EMG, electromyogram; MRI, magnetic resonance imaging; 1.5/3T, 1.5/3 Tesla scanner; CST, corticospinal tract.
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monitored and maintained within acceptable ranges. Analgesics,
such as oxymorphone hydrochloride (0.15 mg/kg; Endo Pharma-
ceuticals Inc., Chadds Ford, PA), and antibiotics (cefazolin, 25 mg/kg
IM; GlaxoSimthKline, Research Triangle Park, NC) were admin-
istered. A complete laminectomy at the fifth cervical vertebra (C5)
was made using a Stryker drill (Impaction drill; Surgical Power,
Inc. Warsaw, IN; 3.5 mm round drill bit) to expose the dura (which
was not opened) and the underlying spinal cord. Laminectomy size
was noted for each subject (Table 2).

Next, the Bose impactor unit was positioned over the C5 lami-
nectomy site; the vertebral clamps were fixed to the spinous pro-
cesses of C4 and C6. The impactor rod (tip 4 mm in diameter to
match the size of the NHP hemi-cord at spinal level C6-7) was

lowered over the right side of the cord onto the dural surface with
the tangent to the circular edge of the impounder aligned along the
midline (subjects #1, 2, and 9), 1 mm to the left of midline (subjects
#3-7) or 0.5 mm to the left of midline (subject #8), then lowered to
make direct contact with the dural surface. To confirm accurate
positioning of the impounder on the spinal cord, real-time force
readouts of the compensated load served as a monitoring tool to
identify the dural surface, the cord surface, and the entrapment of
the cord against the ventral aspect of the canal (Fig. 1D, 1E). Upon
reaching a force readout indicating entrapment of the cord against
the canal, the impactor displacement programmed into the Test-
Bench system (set at 2, 3, or 4 mm) was initiated to produce the
contusions. The force necessary to produce the set displacement

FIG. 1. The contusion device, its use and the resulting force readout for all impacts. A computer-aided design illustration of the actuator
on the stereotaxic frame and spinal unit (A), including the dimensions of the polycarbonate impactor tip (B) and in vivo setup during
surgery (C). Measures taken to stabilize the spinal cord prior to initiating impact are graphically illustrated (D, steps 1-4) to demonstrate
initial contact of impactor tip with the dural surface followed by gradual displacement of the cerebrospinal fluid (CSF) until the cord is
stabilized against the ventral aspect of the canal. A deflection in force from the compensated load readout (E) indicates the spatial location
of the dura (D1), the spinal cord surface (D2) and the spinal cord contact with the bony canal (D3-D4). Sample readouts during surrogate
testing are shown (E) to demonstrate differences in force readouts over time at each step starting with the impactor tip alone with no
contact (pink trace), initial contact of impactor tip with dural surface (blue trace), displacement of the CSF and contact with the spinal cord
(green trace), and displacement of CSF under the spinal cord with entrapment against the floor of the vertebral canal (red trace).
Biomechanical parameters such as actual displacement (F, blue trace) and peak force over time (F, black trace lower graph) are available
immediately after impact; these traces are from subject #5. Actual force traces for all subjects are shown in G (see text for details).
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was measured and all impact biomechanical variables recorded
were available immediately after the impact (Table 2). The im-
pounder did not perforate the dura at the impact site.

In addition to system readouts, a 7 mm flexible inspection
camera (Borescope, Model iT50-BT-BFBA; Brainy Trade, Passaic,
NJ) was introduced into the outer margins of the incision to visually
monitor the precise placement of the impounder prior to and during
contusion of the spinal cord. After the contusion, the wound was
closed in anatomical layers and the animal was allowed to recover
under veterinary care in the hospital where they received intensive
care unit (ICU) care for the first few days of recovery.

Upon release from the hospital, animals were returned to their
home cages equipped with extra bedding materials to prevent
pressure sores. The animals were attended every few hours during
the day and encouraged to sit up, reach, and stand by offering food
rewards (e.g., fruit, raisins, etc.). As soon as the animals were able
to enter the transfer box, they were allowed to enter the open field
exercise cage. Chairing was initiated shortly thereafter.

CST labeling. In our previous study of NHPs with cervical
spinal hemisections,11 multivariate principal components analysis
(PCA) provided evidence for a role of sprouting of the intact CST in
recovery. To begin to study this in the NHP contusion injury model,
we labeled the CST in three animals (subjects #5, #6, and #8).
Fourteen weeks after SCI, the CST was anterogradely labeled using
biotinylated dextran amine (BDA) as the tracer, as previously de-
scribed.11,19 Briefly, under deep anesthesia as described above for

the spinal surgery, a craniotomy was performed and the dura was
incised and retracted to expose the motor cortex. A glass micro-
pipette fixed to a picospritzer was used to inject 0.3 lL of BDA
(10%) at 59 sites (127 total injections) throughout the left primary
motor cortex serving the hand, trunk, and foot. The wound was
closed in anatomical layers and the animals were allowed to re-
cover under veterinary care in the hospital where they received ICU
care for the first few days of recovery. Six weeks after labeling,
animals were intracardially perfused with fixative under deep an-
esthesia and processed for histological evaluation.

Open field behavioral testing

Exercise cage. All animals (N = 9) were scored in an open
field task developed to assess general motor function and over-
ground locomotion, climbing, and object manipulation.12 Animals
entered a large open wire-mesh cage (7 feet [height] ·10 ft [width]
·6 ft [depth]) through a chute where they had the option of as-
cending a series of four elevated perches to reach a food reward
placed inside a Kong� (a hollow rubber toy filled with food such as
peanuts, raisins, small pieces of dried fruits, etc.; The Kong Com-
pany, Golden, Co), on the top perch. Locomotor activity was
evaluated while the animals traversed the perches, as well as on the
floor of the open cage. Climbing was assessed during food retrieval
from a series of five cups hanging at different heights (1.5, 2.7, 3.5,
4.3, and 4.7 ft) on the front of the cage. Object manipulation was
assessed during manipulation of the Kong� (hollow toy) and during

Table 2. Laminectomy Size, Impactor Positioning and Biomechanical Summary

Subject #1 Subject #2 Subject #3 Subject #4 Subject #5 Subject #6 Subject #7 Subject #8 Subject #9

Laminectomy size
AP · ML (mm)

11 · 7 9 · 7 12 · 8 11 · 8 12 · 9 11 · 9 12 · 7.5 12 · 12 11 · 9

Depth from dural
surface (mm)

n/a 2.0 2.5 3.0 3.6 3.0 3.2 3.5 2.8

ML position (mm) 0.0 0.0 -1.0 -1.0 -1.0 -1.0 -1.0 -0.5 0.0

Set speed (m/sec) 1 1 1 1 0.5 1 1 1 1
Actual speed (m/sec) 0.27 0.27 0.55 0.55 0.42 0.48 0.51 0.51 0.58
Set displ (mm) -2.0 -2.0 -3.0 -3.0 -4.0 -4.3 -4.3 -4.3 -4.3
Actual displ (mm) -1.91 -1.71 -2.66 -2.78 -3.64 -3.68 -3.52 -3.46 -3.72
Time to max displ (sec) 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Preload force (N) -0.02 -0.03 -0.30 -0.30 -0.40 -0.56 -0.33 -0.28 -0.18
Force at max displ (N) -1.64 -0.16 -12.90 -8.48 -11.07 -11.63 -19.10 -17.97 -13.40
Peak force (N) -3.27 -4.48 -14.90 -10.54 -12.50 -23.19 -19.15 -18.73 -13.40

AP, anterior-posterior; ML, medial-lateral; N, Newton; displ, displacement; n/a, not available.

Table 3. Open-Field Scoring Scheme

Category Subscore Max score Score composition

Locomotion 34 Overground locomotion and walking

General (10) Forward movement (dragging-walking), number of limbs used, number of perches
reached, presence/absence of tremor, ability to touch head/face with forelimb

Movements and
weight support

(10) Ability to move upper (shoulder, elbow, wrist, fingers) and lower joints (hip, knee,
ankle, toes), weight support during stance or sitting

Walking (14) Foot faults, placement surface, stepping and gait asymmetry

Climbing 16 Forelimb (wrist, fingers) or hindlimb (heel, toes) joints used during climbing and
retrieval, finger/toe strength, number of cups reached

Object manipulation 22 Predominant joint position of forelimb and hindlimb during object manipulation,
forelimb support of object on and off ground, joint and independent finger
movements, digit 1 opposition and frequency, pincer grasp

Total 72
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the consumption of a large food item (e.g., apple or orange). Body
and limb posture, wrist, hand, and individual finger movements
were assessed during manipulation of the objects both on and off the
ground. Scoring of functional recovery was similar to that described
by Nout and colleagues,12 where behavioral features were assigned
0, 1, or 2 points, with the highest point assignment representing
normal function (see Table 3 for a summary description of the
scoring system, supplementary Fig. S1 for the data collection sheet,
and supplementary Fig. S2 for the specific point assignment sche-
ma; see online supplementary material at www.liebertpub.com).
Animals were placed in the exercise cage 4-5 times/week; two
testing sessions per week were performed as described above and
were recorded; at least one session/week was scored live.

Chair tasks

A subset of animals (subjects #5, #6, #7, and #8) was tested in a
primate chair for isolated use of the forelimb ipsilateral to the
lesion. Animals were pre-trained to enter and exit the restraint chair
using a pole-and-collar system. Upon successful completion of this
training, animals were trained to perform the separate tasks de-
scribed below. For each task, the proportion of trials with suc-
cessful completions (i.e., successful transfer of food rewards to the
mouth) is reported. Chairing occurred three times/week, with the
first two sessions being training/re-training sessions and the last
session being the testing session.

Assessment of tone. At the beginning of each post-operative
chairing session, the affected forelimb was gently massaged, joints
were moved through the full range-of-motion, and muscle tone was
rated using the Modified Ashworth Scale,20 where 0 = no increase in
muscle tone, 1 = slight increase in muscle tone (manifested by a catch
followed by minimal resistance through the remainder [less than half]
of the range of motion), 2 = slight increase in muscle tone (manifested
by a catch followed by resistance through greater than half of the
range of motion), 3 = more marked increase in tone throughout most
of the range of motion but the affected part is easily moved, and
4 = the affected part rigid in flexion or extension. An aggregate score
was determined by assessing the elbow, wrist, and finger joints.

Platform retrieval task. Animals were trained to retrieve a
small or medium-sized food reward (i.e., raisin, peanut, or grape,
apple piece, etc.) from a flat platform positioned so that only the
impaired limb could be used for item retrieval. Five trials per re-
inforcer size per session were conducted.

Stick retrieval task. Animals were trained to retrieve a food
item (e.g., a grape) from a vertical post/stick positioned in the
center of the flat platform. Five trials per session were conducted
followed by a second set of five trials with an inverted funnel placed
over the stick/post forcing use of a pincer motion for retrieval.

Handle pull task. In this task, animals were trained to pull a
U-shaped handlebar attached to a spring with force tension of 20
Newton (N; easy), 60 N (medium), or 98 N (hard). The handle was
oriented in a horizontal and then vertical position and the animal’s
performance was assessed in a total of three trials in each position
per session with a constant spring force predetermined by the level
of impairment and ability of the animal to perform each task.

Brinkman board. In this task, animals retrieved small-sized
food items from a Brinkman board containing 7 slots (3.5 cm long
·1 cm wide ·0.5 cm deep), four vertical, one horizontal, and two
angled at 45�. The board was loaded twice for a total of 14 trials.

Assessment of sensory function using an electronic von
Frey apparatus. Subjects were trained with positive reward to sit

quietly in the restraining chair adapted with a custom-made winged
bib to occlude views to the side and below the subject’s neck where a
tester was positioned. Five 1 mm stimulation sites on each side of the
animal were marked with indelible ink (see schematic in Fig. 7A):
shoulder (C4 dermatome), lateral hand (C8 dermatome), mid-thorax
(T10 dermatome), lateral knee (L3 dermatome), and lateral foot
(S1 dermatome). An electronic von Frey apparatus (Model 2390;
IITC Life Science, CA) with a 10-g bending force filament attached
was used to stimulate each site (three stimulations /site) in a random
order. Alternate false alarm trials were interposed, and responses were
recorded for all trials. The inter-trial interval was approximately
15 sec. For video recording purpose, stimulus onset was light-cued
using a light-emitting diode positioned behind the animal, out of its
field of view. The stimulus was applied with a slow onset and was held
for approximately 1.5 sec before being withdrawn. Responses were
recorded by an observer positioned in front of the animal with a clear
view of the animal’s face and body. Maximal force for each stimu-
lation was recorded, as were the following specific responses: vo-
calization, wince, orientation, activity arrest, flinch/skin contraction,
withdrawal, and no response. Preferred food items were given at
variable times during the session by another experimenter to reinforce
sitting quietly. This bi-weekly session usually lasted between 10-
15 min. For analysis, data were binned into three time-points (4 and 5,
9 and 10, and 15 and 16 weeks post-lesion) representing the early,
mid, and late recovery periods, respectively. Response data also were
binned into four categories: 0 = no response; 1 = segmental or spinal
responses (withdrawal, skin contraction or flinch); 2 = suprasegmental
or supraspinal responses (orientation, activity arrest); and 3 = facial
supraspinal responses (wince and vocalization).

Magnetic resonance imaging

Magnetic resonance imaging (MRI) scans were obtained post-
operatively for four subjects (Table 1) at 14–17 weeks after SCI,
and pre-operatively, as well, for cases #8 and #9. Animals were se-
dated with ketamine (Ketaset 10 mg/kg [to effect range, 5–30 mg/kg],
intramuscularly (IM); Mylan Institutional LLC) and atropine
(0.05 mg/kg IM; Baxter HealthCare Corp.), intubated, and main-
tained using isoflurane (1.5–2.0%; Piramal Critical Care Inc.).
Animals were placed in an MRI-compatible stereotaxic device
(Model 1430 M; David Kopf Instruments). Pre-operative MRIs
were obtained to estimate the cord and CSF space size for matching
to the mechanical readouts of the contusion device signaling dural
touch, cord touch, and cord stabilization; this is now the standard
procedure (Fig. 2).

1.5 Tesla System. A 1.5-T GE scanner (GE Medical Systems,
Waukesha, WI) was used to acquire magnetic resonance images on
three subjects, and were collected using two 3-inch round coils
placed dorsally and ventrally over C6 (Model 2127315, GE Medical
Systems, Milwaukee, WI). In addition, NHPs were imaged with a
Knee Array (Model 5114356-5; InVivo Corporation, Gainesville,
FL) positioned in a supine/prone position. For the 3-inch coils, the
field of view (FOV) was set at 14 mm, 0.0 mm spacing, and a slice
thickness of 1 mm. For the knee array, the FOV was 16 mm, 0.0 mm
spacing, and a slice thickness of 2 mm. Acquisition of magnetic
resonance images started with sagittal and axial T2-weighted fast
relaxation fast spin echo at 1 mm slice thickness followed by T1-
weighted sequences acquired on both planes and thicknesses.

3 Tesla system. To improve image quality and optimize new
MRI protocols, one subject was imaged in a 3T Siemens MAGNE-
TOM Skyra scanner using a custom-built four-channel Clamshell
MRI coil (Model P-H04LE-030-01295 V01; Rapid MR Interna-
tional, Columbus, OH). Magnetic resonance images acquired on this
system included high-resolution 3D T1- and T2-weighted isotropic
scans oriented in the sagittal plane with a slice thickness of 270 lm.
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Three-dimensional volume reconstruction. Reconstruction
of lesion volumes was conducted using OsiriX� software (v5.5.2).
Briefly, the regions of interest (ROIs), defined as the regions of high
intensity signal as observed on T2-weighted magnetic resonance
images, were manually traced on each of the MRI slices in OsiriX and
were then reconstructed using an automated ROI volume tool.21

Necropsy

Survival time varied with each subject and was determined by
behavioral plateau (#1-4) and then by plateau followed by cortical
labeling plus 6 weeks for BDA transport. Animals were sedated with
ketamine (5-30 mg/kg IM; Mylan Institutional LLC) followed by
induction of a deep plane of anesthesia using pentobarbital (ap-
proximately to effect 60 mg/kg intravenously; Vortech Pharmaceu-
ticals, Dearborn, MI). Animals were then transcardially perfused with
1% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for
10 min followed by 4% PFA/PBS for 45 min. Tissues were post-fixed
in 4% PFA/PBS overnight and transferred into 10% and then 20%
glycerol with 0.2% dimethyl sulfoxide/1% phosphate buffer.

Tissue processing

Spinal cords were collected and cut into blocks corresponding to
spinal segments identified by locating the entry zone for each dorsal
root and cutting just rostral to the entry zone. The arachnoid
membrane was removed prior to sectioning. Serial sections were
cut at 40-lm on a Leica sliding freezing microtome (HM-450;
Fisher Scientific, Clifton, NJ) and were placed in cryoprotectant
solution until processed for histological analysis. Brains also were
collected and in cases with cortical labeling, cut frontally into 5 mm
blocks and frozen for later sectioning.

Histology

Eriochrome cyanine staining for myelin. Pre-dried slide-
mounted sections were placed in 100% alcohol:chloroform (1:1)

for 1 h, washed in 100% alcohol (2 · 1 min), air dried at room
temperature (RT), and stained in eriochrome cyanine (EC) solution
for 20-30 min, then washed in running tap-water. After washing,
slides were differentiated in 5% iron alum solution at RT (15 min),
washed in running tap-water, differentiated in borax-ferricyanide at
RT (10 min), washed again in running tap-water and counterstained
in 0.5% neutral red (NR) for 1-2 min at RT before a final wash in
water. Sections were dehydrated in graded alcohols (70%, 95%, and
100%; 2 · 2 min each), submerged in xylene (2 · 5 min) and cover-
slipped with Shandon-Mount (#44581; Sigma, Waltham, MA).

BDA staining for CST tracing. Sections were washed in Tris
buffer solution (TBS, pH 7.4; 3 · 10 min), incubated in 0.6% H2O2/
100% methanol at RT (30 min), washed again in TBS (3 · 5 min)
and incubated overnight at 4�C in TBS +0.25% Triton-X (BP151-100;
Fisher Scientific) containing Vector ABC elite solution (9 lL/mL
reagent A +9 lL/mL reagent B, PK6100; Vector Laboratories,
Burlingame, CA). The next day, after washing in TBS (3 · 10 min),
sections were developed with DAB (2.5 min; SK-4100, Vector
Laboratories), washed in TBS (3 · 5 min), mounted on slides, de-
hydrated and cover-slipped with Shandon-Mount.

Histological analysis of lesion parameters
and tissue sparing

Calculation of lesion length, volume, and tissue sparing at the
lesion epicenter was performed on spinal cord sections co-stained for
myelin with EC and for cell bodies with NR. The lesion epicenter,
identified by two independent observers, was indicated as the section
with the greatest damage (estimated by the overall loss of gray and
white matter). Using the epicenter as the starting point, lesion
measurements were taken from the section at the epicenter and at
–1.6 and –3.2 mm rostral and caudal. Brightfield images were cap-
tured (BZ-9000; Keyence, Woodcliff Lake, NJ) at a resolution of
2000 · 1000 pixels and merged using image analysis software (BZ-
II; Keyence). Images were divided into sectors in Adobe Photoshop

FIG. 2. Pre-operative magnetic resonance images used to generate measurements of the spinal cord parenchyma and cerebrospinal
fluid (CSF) space. Sagittal (A) and axial (B) T2-weighted images acquired on a 1.5T scanner indicate the location of the fifth cervical
vertebral level (A, red line) and were used to estimate size of the spinal cord (B, green lines) and amount CSF space (A, red lines) at that
level. Based on these approximations, a schematic representation for the region of interest was generated (C). In this example,
measurements of spinal cord (5 · 8 mm) and CSF spaces 1.2 mm above and 0.9 mm below the spinal cord) are shown, as well as a
representation of the projected laminectomy, the vertebral canal, and the denticulate ligaments (blue wavy lines). R-C, rostral-caudal
axis; D-V, dorsal-ventral axis; L-R, left-right side; W/GM, white/gray matter.
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(CS4, v11.0.2, Adobe Systems, Inc., San Jose, CA), using a super-
imposed 16-split circle (the ventral artery and dorsal median sulcus
served as the reference landmarks), and color-coded to represent the
ROI (lesion, red; gray matter, blue; white matter, green). Pixel counts
were analyzed in MetaMorph(MetaMorph Inc., Nashville, TN) and
then converted to mm2 in Excel(Microsoft Office 2010, Microsoft
Corp., Santa Rosa, CA; e.g., mm2 = number of pixel/1872 pixels per
2 mm). Since the lesion produced distortion and shrinkage of the
cross-sectional area of the spinal cord, a section 4.8 mm rostral from
the lesion epicenter was used as a comparison to derive proportional
epicenter calculations. Lesion volume between measured sections
was calculated using the formula for determining the volume of a
frustrum of a cone as previously described.22 The total amount of
spared tissue is presented as a percentage of the entire cross-sectional
area of the spinal cord (spared tissue/cord area ·100).

Statistical analysis

As part of the validation of the contusion model, exploratory
data-driven analytics were performed to test for associations be-
tween biomechanical parameters, lesion pathology and tissue
sparing, and functional outcomes. Bivariate correlations were as-
sessed for all pairwise comparisons. In addition multivariate cor-
relation was assessed using PCA or its non-parametric equivalent
(categorical PCA), as needed. All analyses were performed in SPSS
v.21 (SPSS Inc., Chicago, IL) using base, regression, advanced
models, categories and missing values add-ons.

Ashworth scale data were analyzed using generalized estimating
equations, with an ordinal link function to measure changes in the
ordinal categories of the Ashworth response (0-5) over time (weeks
post-lesion, 2-13) using repeated measures. Linear mixed model
was used to calculate the estimated marginal means (EMM) for
display purposes only. Statistical significance was set at a = 0.05.

For analysis of sensory function using the von Frey apparatus,
data were binned across three time-points (4 and 5 weeks, 9 and 10
weeks, and 15 and 16 weeks) post-injury. Maximum force data
were analyzed using a four-way nested repeated measures general
linear model (analysis of variance [ANOVA]). Response category
data were first grouped into four categories, with each category
having an assigned number: 0 = no response; 1 = spinal response
(flinch/skin contraction, withdrawal); 2 = supraspinal response
(activity arrest, orientation towards stimulus); and 3 = facial su-
praspinal response (wince or grimace, vocalization). These data
were then analyzed using generalized estimating equations with an
ordinal link function to measure changes in the ordinal categories
(0-3) over time using repeated measures. This is the nonparametric
equivalent of a 4-way nested repeated measures general linear
model (ANOVA). Significant main effects and interactions on the
generalized estimating equations were followed up using post hoc
procedures of cross-tabulated chi-square to assess specific response
categories. A generalized linear model was used to calculate the
estimated marginal means for display purposes only. The maximal
force applied was used as a covariate in both the generalized esti-
mating equations and the generalized linear model procedures.
Statistical significance was set at a = 0.05.

Results

Deriving optimal impact procedures

Initial tests with the surrogate silicone model of the spinal cord

suggested that a 2 mm displacement would be optimal for a mild

injury. However, the first two subjects we impacted with the depth

set to 2 mm showed no signs of damage. In addition, the force

readouts suggested that the cord provided little resistance to the

impact, perhaps moving only within the CSF space or perhaps

slipping from under the impounder during impact (Fig. 1G, black

and brown lines). Either event could be due to the large CSF

compartment around the spinal cord in primates, a fundamental

difference from the rodent model, which has a low proportion of the

canal occupied by CSF space. At this point, the surrogate cord

model was expanded to include a CSF component and the impact

procedures were modified as shown in Figure 1D. This procedure,

intended to establish a consistent starting and ending point, was

used for all subsequent animals.

Force readouts from the compensated load cell were used as

‘‘position guides’’ indicative of displacement of CSF and spinal

cord entrapment. Increments in force, associated with advancement

of the impactor, were first tested on the surrogate cord. These force

increments indicated the spatial location of the impactor, reflecting

(in order): 1) dural contact, 2) cord surface contact, and 3) cord

contact with the base of the canal.17 As illustrated in Figure 1D and

1E, the initial contact of the impactor with the dural surface gen-

erated a slight negative shift in the force readout from baseline (Fig.

1D, step 1; Fig. 1E, pink trace) and this was confirmed visually.

Further advancement of the impactor (by 1.0 to 1.5 mm) created a

second distinct shift in force as the impounder contacted the dorsal

aspect of the cord (Fig. 1D, step 2; Fig. 1E, blue trace) and dis-

placed CSF as contact with the spinal cord was made (Fig. 1D, step

3; Fig. 1E, green trace). Additional advancement (by 1.0 to 1.5 mm)

caused contact of the spinal cord with the floor of the vertebral

canal, and was signaled by an increased shift in force (Fig. 1D, step

3-4; Fig. 1E, red line).

The advancement at each of the aforementioned levels reduced

CSF space first dorsally and then ventral to the spinal cord, pro-

viding a consistent starting point for impacting the cord (Fig. 1D,

step 4). No adverse changes in vital signs were detected during this

slow entrapment of the cord prior to impact. The final force reading

for this procedure is reported as the ‘‘pre-load force’’ in the data

described below. In the later animals with pre-operative MRIs

(subjects #6, #8, and #9), these specific increments were matched to

the measurements calculated from the baseline magnetic resonance

images as shown in Figure 2. Thus, each animal with pre-operative

MRIs had the procedure individualized to their own measurements.

Upon satisfactorily pressing the cord to the bottom of the canal

(Fig. 1D, step 3), a rapid cord impact was initiated (Fig. 1D, step 4).

Biomechanical data acquired immediately after each impact was

collected and analyzed using the Wintest� (v7.0; Bose Corporation,

Eden Praire, MN) control software. An example of impact data

from subject #5 is shown in Figure 1F; contusion depth was set at

4 mm from the start position on the cord surface at a set speed of

0.5 m/sec using the indicated waveform, and the resulting measured

displacement of the impounder is shown by the blue line (Fig. 1F).

The speeds used in this contusion model were at the maximum

capacity of the Bose TestBench System; therefore, although the

displacement was set to occur over 20 msec, there was some var-

iation in the test results. In this particular case, maximal displace-

ment (-3.64 mm) occurred 23 msec after initiation of the pulse, and

resulted in a peak force of 12.5 N (lower graph, black line). The

force curves for all impacts (N = 9) are shown in Figure 1G. The

biomechanical impact parameters for all subjects are presented in

Table 2.

The Bose TestBench software and the Bose device allow for

setting either displacement or force as the feedback control signal.

We chose to control/pre-set displacement. The resulting forces for

the different subjects are shown in Table 2. The relationship be-

tween displacement, the resulting force, and the outcomes is

described and evaluated below. Over the course of the study, we

increased displacement settings from 2.0, to 3.0, and then to

4.0 mm with intended speed set at 1 m/sec (except for subject #5,
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where the speed was set at 0.5 m/sec; Table 2). All of these impacts,

with the exception of the first two subjects, produced a profound

immediate post-operative paralysis of the right side (same side as

the lesion), which improved to varying degrees over time. Subjects

were usually able to return to their home cages within a few days

after injury, and were able to enter the transport box and move into

the open field exercise cage within two weeks (except for subject

#7). A more detailed account of the behavioral tasks and recovery

is given below.

MRI

MRI was performed in the later subjects and provided valuable

pre-operative information on cord size, canal size, and CSF space

(Fig. 2), and post-injury assessment of contusion lesion size that was

later matched to the corresponding histology (Fig. 3). Three sub-

jects were imaged on a 1.5 T (subjects #5, 6, and 8) and one on a 3T

scanner (subject #9; Fig. 3) peri-operatively. The pre-operative

images served as planning tools providing estimates of the dimen-

sions of the spinal cord and CSF space at the fifth cervical vertebral

level (Fig. 2) as mentioned above. High-resolution T2-weighted

sagittal images (slice thickness 1 mm or 270-lm, respectively) were

acquired to identify the ROI (Fig. 2A), and the corresponding axial

view (Fig. 2B) was utilized to measure the CSF space and the cord

dimensions (Fig. 2C). The representative sample shown here indi-

cates that the spinal cord measured 5.0 mm dorsoventrally and

8.0 mm mediolaterally. In addition, the CSF space on the dorsal

surface of the cord was estimated at 1.2 mm and 0.9 mm on the

ventral side. These values were used to estimate the dorsoventral

excursion of the impactor from the dural surface necessary to trap

the cord before impacting (Fig. 1D) and correlated well with the

preload force protocol applied during the surrogate impact.

Post-operatively, the contusion injuries appeared as hyperin-

tense areas on T2-weighted MRI sequences (Fig. 3, red arrows).

Sagittal and horizontal images demonstrate the rostro-caudal

spread of the hyperintense T2-signal and axial images show the

medio-lateral spread. High intensity T2-weighted signal is gener-

ally considered to represent regions of high fluid content, and thus

may correspond to the lesion cavities seen later in histological

sections (Fig. 3 and Fig. 4). However, comparisons between the

lesion volume in the MRI and the histological sections indicated

that the rostro-caudal extent of the lesion was underestimated by the

T2 hyperintense signal. The axial images at the lesion epicenters

were a closer match (Table 4). This discrepancy is not surprising

since various amounts of cavitation and cellularity in the lesion

were seen in the histology. Volumes estimated from the T2 hy-

perintense signal did, however, yield estimates of lesion volumes

that have proved useful in planning for cellular transplants (as part

of a separate study).

Lesions and tissue sparing

Rapid impact with the Bose actuator under displacement control

produced large, mostly unilateral contusion lesions that looked

FIG. 3. Post-lesion T2-weighted magnetic resonance images of the spinal cord used to identify the lesion area. Animals were imaged
on a 1.5T scanner (subjects #5, 6, and 8) or on a 3T scanner (subject #9). Single magnetic resonance imaging (MRI) slices in the sagittal
and axial plane demonstrate the region of hyperintensive T2-signal indicative of the lesion (red arrows). For comparison, the lesion
epicenters identified in the histological sections (stained with eriochrome cyanine and neutral red) also are shown. The MRIs were
performed at 14 or 17 weeks after injury, and sacrifice was at 19, 20, or 21 weeks after injury (Table 4). The larger lesion size in the
histological sections is noteworthy and may reflect the high density of cellular elements in the lesion site as reflected by the neutral red
staining, whereas, hyperintensive T2-signal from the magnetic resonance images was limited to the fluid filled cavities, and these were
not so clearly evident in the histological sections.
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similar to those produced in our model of unilateral cervical con-

tusion injuries in rats.7,14,23 In general, subjects receiving a 3 mm

pre-set displacement injury had smaller lesions (Table 4) and the

best recovery. Subjects receiving 4 mm pre-set injuries had larger

lesions, with the exception of subject #5, which had a pre-set speed

of 0.5 m/sec (and an actual speed of 0.42), and subject #9, which had

a spinal deformity (scoliosis) that we suspect resulted in an angled

impact. Note also that subject #9’s peak force was much less than

that of subjects #6, #7, and #8, and the also impact was more

lateralized (impactor tangent was positioned at the midline rather than

1 mm over). Thus, the 4 mm displacement setting produced a large

lesion on the ipsilateral side with some extension across the midline.

Lesion volumes and sparing data are given in Table 4 and Figure 4.

Lesion length along the rostro-caudal axis ranged between 0.56 cm and

1.2 cm, and between 0.03 cm3 to 0.09 cm3 in volume (Fig. 4A).

Relationship between biomechanics and lesion size

There is a complex relationship between displacement, peak

force, and the other measured biomechanical parameters that de-

pends in part on tissue stiffness, cord and spinal column mor-

phology, and perhaps unknown factors, as well.17 To examine the

FIG. 4. Histological section analysis of the rostral-caudal spread of the lesions shows that the more severe lesions extend for
considerable distances in the spinal cord and affect both white matter (WM) and gray matter (GM) areas. (A) Histological sections
processed for eriochrome cyanine and neutral red were used to reconstruct the spread of the lesion, and are shown for all injured subjects
at the lesion epicenter and at 1.6 and 3.2 mm rostral and caudal. For measurement purposes, sections at the aforementioned intervals
were drawn and color-coded in Adobe Photoshop (gray matter = blue; white matter = green; lesion area = red). The graphs in (B) show
quantification of the total lesion area at all intervals. Total gray and white matter sparing, as well as total spared area, are represented as
a proportion of the entire cross-sectional area of the spinal cord, and the dotted lines represent the percent of gray and white matter in an
uninjured cord section.
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relationships between mechanics, lesion size, and behavioral out-

come at the end of the experiment, we performed both bivariate

correlations and a multivariate analysis. Lesion size, including

volume, length, and area at the epicenter, are best predicted by peak

force (e.g., r = - 0.932 for lesion volume) and force at maximum

displacement (r = - 0.621 for lesion volume). This is consistent

with many earlier studies of the biomechanics of contusion inju-

ry.22,24 Figure 5 shows the correlation matrix as a heat map (higher

density colors reflect higher correlations), with the specific scatter

plots showing the data distribution for each relationship depicted in

the cells on the lower and left sides. The center diagonal shows the

data distribution for each variable; most were approximately nor-

mally distributed. The specific numeric correlations for all vari-

ables are mirrored on the upper and right sides.

Behavioral outcomes

The open field exercise cage allowed subjects to walk, climb,

and manipulate food and other objects in a spontaneous way, ef-

fectively an ‘‘activities of daily living’’ (ADL) measure for mon-

keys (Table 3).12,13 The overall pattern of behavioral outcome,

expressed as a percentage of total possible points given for normal

function, revealed a clear initial deficit when first tested after SCI

(Fig. 6A) for all subjects (except for the nearly uninjured subjects

#1 and #2, as previously noted). Open field scores early after injury

were well predicted by the impact parameters, especially peak force

(Fig. 10B). However, over the long-term course of recovery, sub-

jects separated into two groups: those that had an initial motor

deficit but spontaneously recovered well overall (subjects #3, #4,

#5, #8, and #9) and those with the worst initial deficits that persisted

over time (subjects #6 and #7). The different subcomponents of the

open field scorings for each subject are shown in Figure 6B-D.

Subjects with large lesions (subjects #6 and #7) showed the poorest

recovery on all of the open field tasks. Although both cases showed

some recovery of over-ground locomotion and climbing, they

showed almost no recovery of object manipulation. Those subjects

also showed the poorest performance in the chair tasks, as described

below (Fig. 6E-H).

To provide more detail on forelimb and digit function, a subset

of animals (subjects #5, #6, #7, and #8) was tested while seated in a

standard primate-restraining chair. All four subjects demonstrated

an initial inability to successfully retrieve and transfer food items to

their mouth. The two subjects that recovered function by 4-5 weeks

post-lesion, as assessed in the open field exercise cage (subjects #5

and #8) also were able to successfully perform the platform task by

5 weeks after lesion, the stick task by 6 weeks, and the handle pull

task by 9 weeks (Fig. 6E-G). Consistent with the results in the

exercise cage, subjects #6 and #7 performed poorly in the chair

tasks, particularly in the handle pull, followed by stick and platform

tasks. While subjects #5 and #8 recovered an equal ability to

complete these three tasks, their Brinkman board performance

highlighted a notable and continuing deficit in the ability to use a

pincer grasp. Subject #8 gradually improved in this task and subject

#5 was more successful, especially later in the recovery period

(Fig. 6H). Nevertheless, both of these animals showed a deficit in

this task at post-operative times when they were totally successful

at the other tasks. This suggests that the Brinkman board provided a

more sensitive measure of digit recovery than the other chair tests.

Sensory testing with von Frey hair (VFH) stimulation

The same four subjects that were tested in the chair for forelimb

motor function also were tested for sensory function. The von Frey

testing procedure was adapted from a previous protocol used in the

rat,25 but the up-down method using a series of von Frey filaments

with different stiffness was not used for practical reasons. Instead,

we used an electronic von Frey device with a constant stiffness

filament (10 g) and a force transducer that provided a readout of

maximal force. Pre-operatively, the overall probability of re-

sponding to the tactile stimulations was 0.52 (n = 3; one subject was

not tested pre-operatively). Post-SCI, the probability was 0.48

(n = 4). The pre-lesion mean maximum force to elicit a response

was 15.35 g – 1.2 standard error of the mean (SEM) at the shoulder

(range, 12.95 to 17.76), 7.08 g – 1.2 at the hand (range 4.68–9.48),

26.66 g – 1.2 at the thoracic site (range, 14.26–19.06), 19.78 g – 1.2

at the knee (range, 17.38–22.18) and 15.36 g – 1.2 at the foot

(range, 12.93–17.73). The response category distributions pre- and

post-operatively are shown in Figure 7B. No wince or vocalization

responses were observed during any of the von Frey filament

stimulations in any animal; therefore, the suprasegmental response

category only contains orientation or activity arrest. The statistical

analysis of the post-operative maximum force data (Fig. 7C)

showed a significant main effect of time (F[2,117] = 7.878;

p < 0.001), location (F[4,62] = 61.797; p < 0.001), and a time by

Table 4. Measures of the Lesion

Subject #3 Subject #4 Subject #5 Subject #6 Subject #7 Subject #8 Subject #9

Histological measures
Lesion length (cm) 1.12 0.56 0.64 1.16 1.28 0.96 1.16
Lesion volume (cm3) 0.07 0.03 0.03 0.09 0.08 0.08 0.04
Lesion area at epi (mm2) 13.63 9.69 10.73 17.17 18.30 25.08 4.15
% Spared GM at epi 33 58 61 28 5 0 88
% Spared WM epi 47 58 72 50 33 49 74
% Spared area at epi 44 63 69 40 29 37 74

MRI measures
Time of MRI after SCI (weeks)

Time of necropsy after MRI (weeks)
n/a n/a 17 14 n/a 17 14

n/a n/a 20 21 n/a 20 19
Lesion length (cm) n/a n/a 0.31 0.33 n/a 0.34 0.30
Lesion volume (cm3) n/a n/a 0.014 0.013 n/a 0.021 0.005
Lesion area at epi (mm2) n/a n/a 5.36 5.85 n/a 5.68 2.03

Epi, epicenter; GM, gray matter; WM, white matter; MRI, magnetic resonance imaging; SCI, spinal cord injury.
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location interaction (F[8,50] = 3.567; p < 0.002) indicating that the

force to elicit a response was slightly less over time, and the hand

was the most sensitive site (Fig. 7C, orange line).

The statistical analysis of the response category data post-injury

using generalized estimating equations revealed that both time and

trial within sessions affected the von Frey response category (main

effects: Wald chi-square = 11.146, p = 0.004 and Wald chi-

square = 47.450, p < 0.0001, respectively). The probability of

making a response changed over trials within a session, perhaps

indicative of habituation (data not shown). The effect of trial also

varied by time-point of assessment (trial · time effect: Wald chi-

square = 1.227 · 10E14, p < 0.0001). Further, the five body loca-

tions assessed behaved differently over time (time · location effect:

Wald chi-square = 2.197 · 10E13, p < 0.0001; Fig. 7D) and between

the contra-lesional and ipsi-lesional side (time · location · side

effect: Wald chi-square = 3.138 · 10E11, p < 0.0001). The effect of

FIG. 5. Heat map of the correlational matrix showing the linear relationship of all biomechanical measures with all histological and
behavioral outcome measures. Peak force and force at peak displacement correlate well with nearly all of the biomechanical, histo-
logical measures, and behavioral outcomes as indicated by the brightness of the blue and red boxes across all comparisons. Positive
correlations are indicated as red and negative as blue, whereas the purity of the color is determined by the strength of the correlation
(rho). Boxes on the left and lower portion of the matrix show the scatter plots of all the data. The diagonal boxes where each variable
intersects itself, contains a graphical representation of the data distribution; most are normally distributed but some are clearly skewed.
Boxes on the upper and right side show the specific correlation.
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side and trial also varied by location (side · location and trial ·
location: Wald chi-square = 20.532, p < 0.0001 and Wald chi-

square = 12.337, p = 0.006, respectively).

Based on the observed interaction effects a post hoc chi-square

test was performed at the second time-point (i.e., 4-5 weeks post-

lesion) in the thoracic location. The proportion of responses

allocated to the no response (count = 10), spinal (count = 1), and

supraspinal (count = 13) response category were significantly dif-

ferent (chi-square = 9.750, p = 0.008), indicating that the animals

were particularly responsive to stimulations at the thoracic site at

the intermediate time-point. Overall, these data suggest that: 1) the

probability of a response changed within session, perhaps

FIG. 6. Behavioral recovery during open field and chair testing shows that subjects exhibit a range of deficits early after injury that
recover in some animals but persist in others. (A) Overall performance in the open field. Animals are awarded points (total = 72 points)
for approximations to normal behavior on (B) general locomotion (limb use, placement, weight support, stepping and gait asymmetry;
34 points), (C) climbing (limb use during climbing, grip strength and retrieval of food items from cups at various heights; 16 points), and
(D) object manipulation (posture, forelimb and finger movements while eating an apple or an orange, or during retrieval of food items
from a Kong toy; 22 points). The overall score was derived by summing the subscore points for performance on all three activities
(Table 3). A subset of animals (subjects #5, 6, 7, and 8) also were trained to perform four tasks with their impaired forelimb while seated
in a standard primate-restraining chair; performance is shown as the proportion of trials where the reinforcer was successfully
transferred to the mouth. These tasks involved retrieval of food rewards (e.g., grape, raisin, apple piece, etc.) from a platform (E), from
the top of a vertical post/stick (F), from a 7-slot Brinkman board (H), or for pulling and holding a U-shaped handle attached to springs of
varying stiffness (G). Two of the four subjects tested were able to successfully transfer food rewards to their mouth when performing all
of these tasks (subjects #5 and #8). Sustained residual deficits in pincer grasp were evident on the Brinkman board task for all subjects.
Red asterisk indicates pre-operative baseline performance.
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indicative of habituation; 2) there were differences across sites in

responsivity; and 3) responses to stimulation were relatively con-

stant across post-operative testing, except that supraspinal re-

sponses to thoracic stimulation appeared to be enhanced in the

intermediate post-operative period. Together, these results suggest

that the von Frey testing provided a means of evaluating potential

changes in sensation as reflected by tactile sensitivity, but that the

unilateral cervical lesion did not produce dramatic impact on so-

matic sensation as indicated by this test.

Assessment of tone

The same four subjects tested in the primate chair had muscle

tone assessed by the experimenter at the beginning of each chairing

session using the modified Ashworth scale (Fig. 8). Statistical

analysis using generalized estimating equations revealed an effect

of time on the Ashworth response (main effect of time: Wald

chi-square = 17.657, p = 0.001, error bars indicate SEM; n = 4),

indicating that the group displayed a gradual, slight increase in tone

over time after the injury.

Multivariate analysis

We performed a series of PCAs on the aggregate mechanical,

anatomical, and behavioral dataset to determine whether the NHP

model showed a syndromic pattern similar to that seen in our rat

studies,14,26 and to derive a composite integrated measure suitable

for evaluating therapies. Figure 9 shows the results of the multi-

variate PCA. This analysis included exercise cage data and biome-

chanical and lesion parameters for subjects that had lesions (n = 7),

but did not include primate chair data since only four of animals were

tested on those tasks. This allowed for a PCA without the need to

impute missing values. PCA resulted in two principal components

(PC) that together accounted for >65.08% of the total variance in the

dataset (PC2 not shown). PC1 (42.1% of variance; Fig. 9A) provides

FIG. 7. Results of the Von Frey Hair (VFH) sensory assessment. (A) Schematic drawing of the monkey with the stimulation sites indicated
as white dots. (B) Response category distribution for the different VFH stimulation sites pre-injury (n = 3) and post–spinal cord injury (n = 4).
Response rate (either segmental or supraspinal) was about 50% with the hand stimulation producing the most responses. No wince or
vocalizations were ever recorded; thus, supraspinal responses included only orientation or activity arrest. False alarm trials almost never
produced a response. (C, D) The graphs show the interaction effect between the binned weeks post-lesion (x-axis) and the color-coded
locations with the mean maximum force (C) and the mean response (D) on the y-axis (0 = no response, 1 = spinal responses and 2 = supraspinal
responses). The thoracic location (D) shows an increase in supraspinal responses at the 9–10 weeks post-lesion followed by a decrease at the
latest time-point. Data are averaged across all subjects tested (n = 4). Means represent estimated marginal means – standard error of the mean.
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a measure of integrated biomechanics, lesion size, and neurological

outcomes. Qualitatively, it is strikingly similar to the PC we observed

in the rat,14 with the highest PC loadings showing tight relationships

between peak force, lesion volume, and exercise cage performance.

Figure 9B shows the overall effect of injury (SCI), compared with

baseline on PC1 for the group. We suggest that these kinds of derived

syndromic measures will be useful for hypothesis testing when

evaluating therapeutics in this model.

As a practical matter, we also were interested in the predictive

value of the impact biomechanical parameters for neurological

outcomes early in recovery. We looked at this in two ways. First,

we performed a PCA of the dataset encompassing early (3 week

exercise cage) behavioral outcomes, biomechanical and histologi-

cal variables. This analysis (Fig. 10A) shows again a tight clus-

tering of variance (42.1%) accounted for by the relationship

between peak force (0.94), lesion volume (-0.96), white matter

sparing (0.90), and total exercise cage performance (0.84). Second,

as a comparison to this analysis, we looked at the univariate

Pearson correlation coefficient between peak force and exercise

cage performance at the 2 week time-point and included all nine

animals in the analysis (Fig. 10B). This more conventional analysis

showed a high correlation (r > 0.87) between these two variables,

and suggests that at the time of surgery, when the biomechanical

readouts are available for each injury, we can well predict the

neurological status of each animal at 2 weeks. This will allow prior

stratification of treatment groups receiving, for example, cellular

transplant therapies at 2-3 weeks after injury. In addition, exami-

nation of the full correlation matrix used to generate the PCAs

showed that peak force was predictive of both behavioral outcomes

(including chair performance) and anatomical outcomes in the

entire set of animals evaluated (Fig. 5). Thus, in the NHP as ob-

served in our rat models, with either conventional or syndromic

analysis, there is a clear relationship between impact parameters,

histology, and behavior.

CST projections above, at, and below
the lesion epicenter

Subjects #5 and #6 had extensive BDA labeling of nearly the

entire motor cortex in both the forelimb and hindlimb regions,

densely labeling the CST in the upper cervical region (supple-

mentary Fig. S3; see online supplementary material at

www.liebertpub.com). The distribution of the CST to areas 5.2 mm

above, at, and 5.2 mm below the lesion epicenter for both subjects is

shown in Figures 11 and 12. For each BDA-labeled spinal cord

region shown, a matching EC-stained section also is displayed to
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FIG. 8. Results of the modified Ashworth scoring. Using the
modified Ashworth scoring system (see Methods for details), there
was a significant increase in tone observed over the post-contusion
survival period across all subjects tested (n = 4; error bars represent
standard error of the mean). EMM, estimated marginal means.

FIG. 9. The results of a principal components analysis (PCA) evaluating the relationship between all biomechanical, histological, and
open field behavioral outcomes for subjects with contusion lesions (n = 7). Note that chair task performance was excluded from this
analysis because only a subset of the animals was trained and tested on these tasks. (A) PCA revealed a principal component (PC1) that
accounted for 42.1% of the variance in the dataset, and shows high loadings for peak force (0.95), % white matter sparing (0.85), and
total open field score (0.83), which are inversely correlated to the lesion volume (-0.91). (B) Using the PCA-derived composite scores
for each monkey, grouped as either baseline (pre-injury) or lesion (post-injury), a general linear model of these group PC scores for PC1
was tested. PC1 was significantly predicted by the injury, compared with baseline values (**p < 0.001).
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demonstrate the extent of demyelination due to the lesion, the

boundaries of the lesion, and the associated regions of tract de-

generation. The lesion in subject #5 (Fig. 11) spared the lateral-

most aspects of the CST. Above the lesion (C6; Fig. 11 A-E), CST

projections were observed in both white and gray matter regions

ipsilateral to the lesion. There was dense labeling of the dorsolateral

CST in the lateral funiculus and extensive distribution to the base of

the dorsal horn, the intermediate gray and the ventral horn (Fig. 11

B, 11C). In the region of the central canal (Fig. 11 D), fibers could

be seen crossing to the opposite side of the cord. Consistent with

previous observations,11 a small number of BDA-labeled fibers

descending ipsilateral to the cortical labeling were also observed in

the dorsolateral and ventromedial funiculi (data not shown).

At the lesion epicenter (C7-8; Fig. 11F-K), CST projections were

evident in the lateral aspect of the main tract (Fig. 11F, 11G) in the

spared rim of tissue (see EC-stained section for lesion boundary).

Some fibers formed retraction-bulbs at the lesion margin (Fig. 11H),

and no fiber labeling was evident in the lesion area (Fig. 11F, 11G;

see EC-stained section for the lesion margins) or crossing at the

central canal (Fig. 11I). However, on the side contralateral to the

lesion, CST projections appeared to be conserved in both the dor-

solateral (Fig. 11J) and ventromedial (Fig. 11K) CST. Below the

lesion (C7-8, 5.2 mm caudal to the lesion epicenter; Fig. 11L-Q),

CST projections exhibited a similar pattern of distribution as that

observed above the lesion, although the density was reduced. BDA-

labeled fibers traveling in the lateral funiculus ipsilateral to the lesion

appeared to stream from lateral to medial (Fig. 11Q, arrows) across

the demyelinated region previously occupied by the CST axons in-

terrupted by the lesion (Fig. 11; see matching EC-stained section).

These axons distributed to the same regions of the gray matter as the

normal input, that is, the base of the dorsal horn, the intermediate

gray (Fig. 11L), the ventral horn (Fig. 11M, 11N), and crossing the

midline at the central canal (Fig. 11P). A Nissl counterstained section

below the lesion demonstrates CST terminal projections to motor

neurons (MN) in the ventral horn (Fig. 11O). CST projections in the

dorsolateral and ventromedial CST contralateral to the lesion also

were found below the lesion (data not shown).

In contrast, the lesion in subject #6 was larger at the epicenter as

well as rostro-caudally (Fig. 4), and the respective CST labeling in

the lateral funiculus and the gray matter distribution shown in

Figure 12 was far less extensive. Notably, the degree of tract

labeling at the high cervical level (C3) between the two cases is

similar (supplementary Fig. S3), the labeling at 5.2 mm above the

lesion in subject #6 (C6-7) is more sparse than in subject #5 even

though this section is equidistant from the lesion epicenter, al-

though, the same regions in the gray have axonal arbors. At the

lesion epicenter (C6-7; Fig. 11 F-K) and below (C8; Fig. 11 L-Q),

few fibers are labeled in the lateral funiculus, and few axonal ar-

borizations can be seen below the lesion in the gray. Indeed, the

density of CST projections in the gray below a spinal lesion has

been shown to correlate with the degree of functional recovery,11

and these two cases showed good recovery (subject #5) and poor

recovery (subject #6), respectively.

Discussion

Here, and in the companion article17 we describe the devel-

opment of a unilateral cervical contusion injury device and its use

in the macaque monkey. The device and procedure allows the

production of graded contusion lesions and varying degrees of

recovery depending upon pre-set impact parameters. As we pro-

gressed through this initial series, we incorporated new protocols

and the use of pre-operative MRI to increase the predictability of

the outcomes by matching impact protocols to individual features

FIG. 10. Assessment of the association between early behavioral performance (first 3 weeks), biomechanical variables, and terminal
histology. (A) The principal components analysis (PCA) evaluating the relationship between all biomechanical, histological, and early
recovery variables yielded a first principle component accounting for 43.6% of the variance, which was very similar to that determined
for the entire recovery period (Fig. 9). The same high loadings on PC1 for peak force, exercise cage performance, and % sparing at the
lesion site were revealed in this analysis. This indicates the high degree of association between the biomechanical variables obtained at
the time of surgery and early recovery (as well as anatomical outcomes). (B) A univariate Pearson correlational analysis showed a
similar strong correlation between contusion peak force and function at 2 weeks. Both of these analyses suggest that the biomechanical
variables, which are available at the time of surgery, can well predict the short and long term recovery, as well as the anatomical
outcomes, making them useful for counterbalancing groups in treatment trials.
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of each animal’s spinal canal, spinal cord, and CSF space. Post-

operative MRI provided confirmation of lesion placement, as well

as information on lesion volume and extent. We produced a series

of animals with lesions varying from small to large, were able to

evaluate the relationships between impact parameters, lesion

measures, and behavioral outcomes, and were able to confirm that

these relationships were consistent with our previous studies in the

rat.7,14 Multiple univariate outcome measures are provided, as

well as an integrated metric characterizing the multivariate cer-

vical SCI syndrome. Impacts at the higher ranges of peak force

produced highly lateralized and enduring deficits in multiple

measures of forelimb and hand function, while lower energy im-

pacts produced early paralysis followed by substantial recov-

ery with enduring deficits in fine digital control (e.g., pincer

grasp).

The device and protocol

The first model of contusion SCI was developed by Allen in

1911 and used a weight dropped from a calibrated height.27 This

FIG. 11. Corticospinal tract (CST) projections after a right C7 spinal cord contusion injury and anterograde labeling of the left
primary motor cortex using biotinylated dextran amine (BDA; subject #5). Sections above (A-E), at (F-K), and below (L-Q) the lesion
are shown. An adjacent orientation section stained with eriochrome cyanine (EC) and neutral red is shown at the far left of each panel
and reveals the lesion and gray and white matter sparing. At C6 and 5.2 mm above the lesion, a high density of labeled CST fibers (A)
were observed in the lateral funiculus coursing medially (E, small arrows) to distribute to the base of the dorsal horn, the intermediate
zone, the ventral horn (B-C), and central canal area (D). CST projections also were found in the dorsolateral and ventromedial tracts
contralaterally (data not shown). At the lesion epicenter (C6-7), descending BDA-labeled fibers were only detected laterally (F), and
were not observed to project into the gray matter (G) or crossing the central canal (I). Remaining CST projections at the lesion margin
formed retraction bulbs (H). Contralateral to the lesion, descending fibers (ipsilateral to side of cortical labeling) were present in the
dorsolateral ( J) and ventromedial (K) CST. Below the lesion (at C7-C8, and 5.2 mm caudal to the lesion epicenter), remaining CST
projections continued to descend in the lateral funiculus (L) and were observed to re-establish terminal distributions in the intermediate
gray, ventral horn (M-O), and central canal (P) via streams of axons crossing the area where CST fibers had been interrupted by the
lesion (Q, small arrows). This area of CST degeneration is devoid of myelin staining (note the pink area in dorsolateral funiculus in the
EC-stained orientation section at far left) demarcating the degenerated CST below the lesion. BDA-labeled fibers in dorsolateral and
ventromedial tracts were detected on the side contralateral to the lesion at all levels (data only shown for the lesion epicenter J, K). A
Nissl counterstained section below the lesion demonstrates CST terminal projections to motor neurons in the ventral horn (O). Scale bar
for orientation sections = 4 mm; scale bar in L = 400 lm and applies to A and F; scale bar in N = 50 lm and applies to C, H and O; scale
bar in Q = 300 lm and applies to B, D, E, G, I, J, K, M, and P. Ipsi MN Pool, ipsilateral motor neuron pool; cc, central canal.
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same method was used in studies in large animal models of SCI in

the 1970s and 1980s, including NHPs.24,28 Studies in cats were

used to develop methylprednisolone as a therapy and implemented

either weight drop techniques,29,30 or a static compression mod-

el.31,32 The evolution of SCI contusion injuries included a weight-

drop device with computer-generated impact parameters (MAS-

CIS),33,34 a waveform-controlled electrical impactor (the OSU

device)22,35–37 and most recently, the Infinite Horizons (IH) de-

vice.38 Our prior rat unilateral cervical contusion lesions were

produced by the MASCIS device (free-fall),7 and more recently by

the IH device.14,23 In order to provide the necessary range and force

to scale up these models to the macaque monkey, we chose to use a

friction-free, electromagnetic linear actuator (Bose ElectroForce)

that was developed for materials testing, has a wide range of pro-

grammable displacement, force, and feedback modes, and provides

independent control of the magnitude and rate of impact.17 A

similar device also has been used to develop models of different

spinal cord injury mechanisms in rats39,40 and in biomechanical

studies of spinal cord tissue.41 Finite element analysis and testing

on surrogate cord material provided estimates for scaling up the

impactor size, displacement, and force ranges from our prior rat

work to the size of the monkey cord,17 and the surrogate cord we

developed allowed us to pre-test our displacement waveforms to

predict resultant peak force prior to each impact.

FIG. 12. Corticospinal tract (CST) projections from an animal with a more severe SCI (subject #6). Sections were selected at the
lesion epicenter and at equal distances as those shown in Figure 11 (at C6-C7, 5.2 mm rostral, and at C8, 5.2 mm caudal to the lesion
epicenter). Regions above (A-F), at (G-L), and below (M-Q) the lesion are shown. Eriochrome cyanine–stained orientation sections
also are presented on the far left to demonstrate the areas of demyelination and the lesion boundaries. Above the lesion, although to a
lesser extent than in the previous case, CST projections can be seen in the lateral funiculus (A), ventral horn (B-D), central canal area
(E), and dorsolateral funiculus (F). The Nissl counterstained inset shown in (C) was taken from an adjacent section at that same level and
region as in (D) and shows terminal arborizations in the vicinity of motor neurons. At the lesion epicenter, (C6-7), ipsilateral to the
lesion (G-H), biotinylated dextran amine–labeled fibers were only seen laterally in the dorsal lateral funiculus, and those close to the
lesion margin exhibited retraction-bulbs (I). Contralateral to the lesion, CST fibers were observed in the dorsolateral (K) tract but almost
no fibers were observed in ventromedial (L) tract, likely due to the lesion extending across the midline. Below the lesion (C8), few CST
fibers were observed to project out of the main tract and course medially (Q, small arrows) to terminate in the intermediate gray, ventral
horn (M-O), and central canal area (P). Note the differences in density of CST fibers between subjects #5 and #6 are likely due to
variations in lesion severity as the tract labeling seemed comparable between the two cases (supplementary Fig. S3). Scale bar for
orientation sections = 4 mm; scale bar in M = 400 lm and applies to A and G; scale bar in O = 50 lm and applies to C, D, and I; scale bar
in Q = 300 lm and applies to B, E, F, H, J-L, N, and P.
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MRI for impact planning and detection of lesions

MRI allowed for the collection of pre-operative measurements

on the size of the spinal cord and the size of the CSF compartment at

the impact site at spinal level C6-C7. As we confirmed with our first

two subjects, the large CSF space in the monkey allowed for

movement of the cord during impact. Using this information, we

tailored each impact by exerting a vertical pre-loading force onto

the exposed dura to temporarily displace the CSF and trap the spinal

cord against the floor of the vertebral canal. Comparison of the MRI

signal to post-mortem histological analysis showed that the mag-

netic resonance hyperintense signal underestimated the size of the

lesion as determined by histology. This is likely due to limitations

in the acquired MRI sequences to detect injured regions of the cord

parenchyma that maintained cellular content. Regardless of this

limitation, the applicability of such technology, coupled with more

refined imaging protocols, could have strong clinical implications

for designing treatment regimens specific to each case/lesion, and

we have used magnetic resonance imaging–based lesion volume

estimates to predict the volume of cells needed to fill cavities (data

not shown). In this regard, the move from a 1.5T to a 3T scanner

provided clear increases in signal to noise and more distinct

boundaries of the T2 hyperintense regions.

Relationship of impact parameters to lesion
characteristics

The impact parameters were chosen in an attempt to produce

contusion lesions in NHPs similar to those we had produced in the

rat.7,14,23 We aimed to produce a rapid (20 msec) deformation of the

cord to approximate a rapid fracture dislocation. Testing and sim-

ulations17 provided a displacement range that would produce forces

sufficient to produce large lateralized lesions. We started off with

low displacement and moved up as we progressed in the series,

producing a variety of injuries as intended. We then were able to

examine the relationship between various impact parameters and

the resultant lesion using correlational and multivariate analyses.

We chose to use a displacement-controlled protocol modeled after

our earlier work with the OSU device,22,37 which used a pre-set

load of 3000 dynes to displace CSF and provide a stable starting

point for the displacement.42 Procedures necessary to establish a

stable starting point also were required in the present study (Fig. 1).

In our experience with multiple contusion injury devices, this

protocol seemed to produce the most consistent injuries,37,43,44 and

since the analysis from Romanowski and colleagues45 indicated we

needed to displace CSF, it had the advantage of starting from a

static position (rather than dropping a weight or, as with the IH

device, backing off away from the cord prior to impact). The

drawback of our approach is that starting from zero velocity re-

quires the impactor to accelerate rapidly in order to reach desired

velocities. Thus, the frictionless, high-speed, controllable actuator

from Bose was the only available unit that could provide up to 1 m/sec

impact velocity over short distance (2-4 mm) starting from rest.

Our analysis showed that the peak force obtained during the

*20 msec impact was highly predictive of lesion volume, and

multivariate analysis showed that peak force and force at maximum

displacement tracked well with lesion descriptors and neurological

outcomes. Given the strong correlation between force and lesion

volume, it might be useful to try to control force in this model, but

that would leave displacement uncontrolled. However, using force

feedback to control a high dynamic rate event in compliant tissue

risks instability in the system. In addition, as discussed in the

companion article17 inertial compensation must be applied to de-

termine an accurate measure of impact force applied to the spinal

cord and may not be achievable at the high loading rates required to

simulate traumatic injury.

Many other models of SCI have used different parameters that

vary the speed and dwell time of the impact, or use static com-

pression to achieve injury. A discussion of the mechanisms of injury

in these different models is beyond the scope of this paper, but it is

likely that slower, compressive injuries have a more ischemic nature

than rapid injuries, and could produce less axon breakage but more

demyelination.46–48 Slower compression injuries with longer dwell

times or combined rapid impact with residual compression may all

be useful in modeling different kinds of SCI in large animal mod-

els.49,50 One advantage to the system we have employed is that it can

be programmed to provide essentially any pattern of displacement

or force over short or long intervals, and so it could be adapted to

study these other aspects of SCI. Its main limitation is that it cannot

achieve the very rapid speeds (many meters per second) that may be

encountered in high speed vehicular or projectile impacts.

The lesions produced in our study, similar to those in our rat

models, produce both gray and white matter injuries, and these

extend rostral and caudal to the lesion epicenter. Thus, neurological

deficits are produced by a combination of gray and white matter

damage, with gray matter damage affecting lower motor neurons

and circuits involved in upper extremity function and damage to

white matter tracts affecting connections from rostral CNS regions

to those circuits and to autonomic and hindlimb locomotor centers

in the caudal spinal cord. Separating the effects of gray and white

matter damage on neurological function in this kind of model is

difficult, but it is clear that the larger the lesion, the more local

neuronal damage and the fewer connections available to drive them.

We chose to make impact lesions centered on the C6-C7 spinal cord

segment (C5 vertebral level). Since the intrinsic muscles of the hand

are innervated by levels caudal to C7, we reasoned that as lesions

became larger, they could affect hand function in two ways—by

impinging on more caudal motoneuron pools and circuits involved

in digital function, and by denervating the caudal neuronal circuits

involved in hand function (upper motor neuron lesions).

Our behavioral outcomes were meant to capture functional

deficits in both hand and proximal forelimb function. Although a

discussion of the details of recovery with respect to the descending

pathways and intrinsic circuits is beyond the present data, the pri-

mate provides a particularly rich opportunity to examine these re-

lationships in detail, and we intend that the present model be used

for just such an analysis. For the present study, we can simply say

that we found that lesions extending to the most lateral aspects of

the white matter produced the most enduring deficits in hand

function, even though most of the motoneuron pools involved were

presumably spared. Thus, treatments that protect or enhance re-

connections could result in incremental improvements in distal

limb and hand function in this model. The CST sparing shown in

Figures 11 and 12 is an example of how this model may eventually

relate spared, sprouted, or reconnected axons to recovery of func-

tion in the primate. With respect to gray matter lesions, since the

technology is available to instrument our animals with chronic

indwelling EMG electrodes,11,13 this model would seem to provide

a wonderful opportunity to label muscles to evaluate the role of

partial sparing of motor neuron pools in the recovery of function.

Lesions and behavioral outcomes

Our group has reported in some detail the deficits and patterns of

recovery after C7 hemisection in the monkey.11–13 The present

study used the same neurological outcome measures, including the
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use of the open field exercise cage scoring system. In general, we

found that contusion lesions produced similar patterns of initial

deficit and recoveries, with the exception that partial contusion

lesions recover functional motor skills better than animals with

complete hemisection. The largest lesions in this study, however,

resulted in recoveries that were comparable to the recoveries seen

after complete hemisection. It should be noted that even NHPs with

over-complete hemisections can show recovery of considerable

hand function,12 so that lesion size per se is not always a strict

predictor of outcomes. Almost all of the animals in this study with

smaller lesions were able to score high marks in the open field and

even in the chair tasks after a substantial recovery period. However,

there remained motor deficits on the Brinkman board task, which

requires pincer grasp. Others, who have studied recovery after

partial lesion of the CST, have found similar recoveries, with

deficits remaining only in fine digital control.51–56

As in the rat, unilateral cervical contusion injuries in the monkey

produced less deficit in the ipsilateral hindlimb than the forelimb. In

the rat, these deficits recover quite rapidly,14,57 but a residual deficit

can sometimes be seen using gait analysis.7 In our prior work with

complete spinal hemisections in the macaque, hindlimb deficits were

more apparent but variable, with some animals showing severe def-

icits in open field and treadmill locomotion and others showing little.

Interestingly, a subset of NHPs with complete spinal cord hemisec-

tions showed either forelimb or hindlimb locomotor dysfunction, but

not both. The extensive crossing of multiple descending pathways

related to locomotion (e.g., reticulo-spinal, serotonergic, and even

CST19 is likely to be responsible for the recovery of locomotor

function in both species). Further, all of our contusion injuries spared

at least a small number of CST fibers and the CST contralateral to the

lesion, which may also contribute to better recovery.

Syndromics and therapeutic testing

In order to capture as much information as possible on recovery

after hemisections and hemicontusions, we have employed multi-

ple anatomical and behavioral outcome measures over an extended

post-injury period.11,13 Multivariate analyses are useful in asses-

sing how those outcomes co-vary and how they are related to

mechanical parameters of the injury, but they also may provide

some insight into the nature of the recovery process. Principal

component analysis can yield more tractable measures of multi-

variate high density data,58 and is applicable to multiple measures

of SCI outcomes.11,18,23 In the present study, PCA revealed a

principal component, PC1, that encompassed relationships between

injury parameters, lesion characteristics, and neurological out-

comes that accounted for a large portion of the shared variance

across measures. Further, this component was quite similar to that

produced by a similar analysis of somewhat different outcome

measures in the rat unilateral cervical contusion injury.14,23 This

suggests that there is a rather global syndrome of cervical SCI that

is reflected to varying degrees in different outcome measures, re-

flected in their loadings onto PC1 (Fig. 9). It also suggests that this

syndrome may be translatable across species.18

Finally, since some outcome measures are highly linked to this

underlying pattern of dysfunction and recovery, it may be that an

accurate picture of recoveries and treatments could be obtained by

choosing outcomes that load especially highly on the PC metric(s).

However, it should be noted that the syndromic metrics in this study

are generated by a lot of variables but ignore some potentially

important underlying biological features of injury and repair, such

as sprouting and regeneration,11 immune responses, genetic pre-

dispositions, etc. Thus, it may be best to continue to increase rather

than cherry-pick outcomes in our model. Particularly given the

huge time commitment, expense, and use of highly-valued animals,

we would like to choose more data, rather than less. Nevertheless,

when decisions about time and resources have to be made, this

analytic approach may be of value.

Limitations of the model

These contusion lesions are intended to model human cervical

cord lesions caused by fracture dislocation. The less severe lesions

also resemble central cord syndromes observed in humans with less

extensive injury. The appearance of the lesions on MRI and in post-

mortem histology resemble clinical observations,59–61 with the

exception that these lesions are, of course, lateralized. Brown-

Sequard syndrome62,63 describes cases of unilateral human injury,

and our NHPs exhibit similar neurological signs to this relatively

rare human syndrome. Kalsi-Ryan and colleagues recently charted

the course of upper extremity recovery in 53 cervical SCI patients

over one year.64 The recovery curves shown in that paper are no-

table for the substantial recovery in almost all of the measures used,

no matter the Abbreviated Injury Scale (AIS) grade. The recovery

curves are qualitatively quite similar to those of our study.

At first glance, perhaps the most like our two end-point groups

are AIS C and D (although animals with the most severe lesions

were densely plegic for several days after injury on the right side,

and might be considered to be ‘‘unilateral AIS B,’’ with the Cs

having a considerable residual deficit, and the Ds having the most

return of function with small enduring deficits in digital dexterity).

The proportion of AIS C and D cervical injured patients in the small

sample of the Kalsi-Ryan and colleagues’ study was 70%. In the

whole human SCI population, it is estimated that about *76% of

cervical injuries are incomplete, which represent *45% of all SCI

cases, so this represents a considerable number of patients.65 So

even with the limitations of the model imposed by animal care and

practical issues, it is still clinically relevant to a large population.

Questions of the contribution of the (mostly) intact contralateral

side of the cord to recovery, however, remain.

The chief advantage of this model is that it recapitulates the

mechanism of human SCI in an animal species that most closely

approaches the human spinal cord in size and function. The chief

drawback of the model is that it is incomplete: more than half the

spinal cord is spared, potentially complicating interpretation of

functional and anatomical outcomes because spared systems con-

tribute extensively to recovery. Thus, one could argue that the chief

value of the model is in scaling potential human interventions to a

system most similar to humans, and in assessing safety on the

background of a nervous system resembling humans. But the model

may not be the best system for establishing efficacy, given the broad

contribution of spared systems to functional recovery. However, if

an experimental intervention tested in this primate model does in-

deed enhance recovery beyond the spontaneous, *50% improve-

ment observed in animals with more extensive lesions, then one

could reliably predict potential benefit in a human trial. In such a

case, this model could indeed be highly significant in predicting

potential clinical success. We are unable to perform complete spinal

cord lesions in non-human primates because of the difficulty of

caring for monkeys under circumstances wherein several-time daily

bowel and bladder care would be required, and adequate comfort of

monkeys would be unpredictable; in the present partial lesion

model, monkeys retain bowel and bladder function and are gener-

ally readily mobile and capable of self care within days. Moreover,
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we have not detected apparent persistent pain in monkeys with this

type of lesion, expressed as self-injurious behavior or discomfort

beyond the immediate post-operative period, nor do we see evi-

dence of significant allodynia in the von Frey testing.

Based on the preceding discussion, some candidate translational

therapies might merit testing in this model. These would include

invasive cellular or gene therapies, or direct intra-spinal cord in-

jections of substances (e.g., chondroitinase). Primate testing in a

contusion model would both optimize method development for

human translation, and determine whether the candidate interven-

tions pose safety issues that are identifiable optimally in the pri-

mate. This would particularly be the case with therapies introduced

into spinal cord regions rostral to the lesion, and in the cervical

spinal cord especially. It is important to evaluate both positive and

potentially negative effects of this procedure. Studies are currently

underway in this model testing human stem cell therapies.66
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