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Abstract

Translation of therapeutic interventions for spinal cord injury (SCI) from laboratory to clinic has been historically challenging,

highlighting the need for robust models of injury that more closely mirror the human condition. The high prevalence of acute,

naturally occurring SCI in pet dogs provides a unique opportunity to evaluate expeditiously promising interventions in a

population of animals that receive diagnoses and treatment clinically in a manner similar to persons with SCI, while adhering to

National Institutes of Health guidelines for scientific rigor and transparent reporting. In addition, pet dogs with chronic paralysis

are often maintained long-term by their owners, offering a similarly unique population for study of chronic SCI. Despite this, only

a small number of studies have used the clinical dog model of SCI. The Canine Spinal Cord Injury Consortium (CANSORT-SCI)

was recently established by a group of veterinarians and basic science researchers to promote the value of the canine clinical model

of SCI. The CANSORT-SCI group held an inaugural meeting November 20 and 21, 2015 to evaluate opportunities and challenges

to the use of pet dogs in SCI research. Key challenges identified included lack of familiarity with the model among nonveterinary

scientists and questions about how and where in the translational process the canine clinical model would be most valuable. In light

of these, we review the natural history, outcome, and available assessment tools associated with canine clinical SCI with emphasis

on their relevance to human SCI and the translational process.
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Introduction

Traumatic spinal cord injury (SCI) affects 250,000–500,000

persons around the world each year,1 and for those with the most

severe injuries, significant recovery is rare.2 The ensuing physical

consequences result in high long-term medical costs ($1.5–4.5M per

person over a lifetime).3 Laboratory science has provided a plethora

of treatments that improve outcomes in rodent models of SCI in a

homogenous animal population enhancing the basic knowledge about

this injury; to date, however, those evaluated in human clinical trials

do not show an unequivocal improvement. Performing human clin-

ical trials is expensive and time consuming. We propose that the
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inefficiency of translating rodent therapies to human use could be

improved by screening them with an animal model that more closely

aligns with human SCI.4,5

Spontaneous dog models have proven useful in pioneering and

rigorously testing new treatments for human diseases such as Ad-

dison’s disease,6 retinal degeneration,7 and malignant glioma.8 The

prevalence of naturally occurring traumatic SCI is high within the

general population of pet dogs with approximately 20,000 new

cases presenting to veterinary spinal surgeons each year,9 almost

twice the incidence of human SCI in the United States.3 This makes

this population of dogs a potential tool through which to screen new

interventions for persons with SCI. To this effect, the model has

been used as part of the SCI drug or device development process

and as second-species confirmation of treatment effects observed in

the laboratory setting in a number of studies.10–15

The Canine Spinal Cord Injury Consortium (CANSORT-SCI) was

established recently by a group of veterinarians and basic science

researchers to promote the value of the canine clinical model of SCI.

This group brings together expertise in the dog model of SCI, basic

neuroscience, and human SCI. Members of our international group

span eight veterinary institutions, three renowned basic neuroscience

programs, and one industry entity (Appendix 1; see online supple-

mentary material at ftp.liebertpub.com). Members were invited based

on history of research focus in dog models and expertise in SCI.

The aim of this consortium is to conduct treatment trials in nat-

urally occurring canine SCI to generate relevant translational data

for humans. Specific goals include performing rigorous multicenter

studies in canine clinical SCI, developing and maintaining a com-

mon data registry for dogs with acute SCI managed at all member

institutions, establishing a tissue bank to facilitate histopathological

studies of naturally occurring SCI in dogs, and maintaining a net-

work of clinical trial sites that provide standardized assessments and

care for spinal cord-injured dogs involved in research protocols. The

CANSORT-SCI group held an inaugural meeting November 20 and

21, 2015 to evaluate the strengths, weaknesses, opportunities, and

challenges to the use of pet dogs in SCI research.

Key identified potential strengths of the model include:

(1) The ability to study naturally occurring injury, which shares

many pathological aspects with certain human SCI cases, in a

population of animals with diverse genetic backgrounds, an

assortment of health co-morbidities, and other confounding

clinical factors encountered in human clinical trials. Detecting

a therapeutic effect in a heterogeneous cohort of dogs with

clinical SCI (as opposed to the very homogeneous popu-

lation of laboratory rodents used for ‘‘proof-of-principle’’

demonstration), while not assuring translational success, would

increase confidence in the robustness of a given therapy and

provide a stronger basis for translation to human SCI.

(2) The high prevalence makes the model highly amenable to

conducting large-scale veterinary clinical trials that meet all

National Institutes of Health/National Institute of Neurological

Disorders and Stroke guidelines for scientific rigor and trans-

parent reporting.16 For example, a study involving only the

authors of this manuscript could be anticipated to enroll ap-

proximately 100 dogs with sensorimotor complete SCI within

a year. A precedent for this approach using clinical dog

models has recently been set in the field of malignant glioma.8

(3) Treatment of pet dogs with SCI (imaging, surgery, reha-

bilitation) relies on identical techniques and equipment

used for humans, meaning that new therapies can be tested

in a scenario that simulates a human clinical trial using

treatment protocols that can be standardized across veteri-

nary trial centers.

(4) Dogs that fail to recover after an acute injury are often man-

aged long-term by their owners, making them available for

study of interventions aimed at chronic SCI. Chronic SCI and

its long-term consequences have been identified as a research

priority by the human SCI community,17 yet laboratory studies

of chronic injury are expensive and logistically challenging.

(5) Physical size and metabolism of dogs facilitates ‘‘scaling

up’’ of therapeutics for human trials.

The group also identified several challenges to the pet dog model

of SCI for use in translational research. Two key challenges in-

cluded lack of familiarity with the model among nonveterinary

scientists and questions about how and where in the translational

process the canine clinical model would be most valuable. To ad-

dress these concerns, we review here the natural history, pathobi-

ology, outcome, and available assessment tools associated with

canine clinical SCI in light of how they compare with human SCI

and complement laboratory models of injury. We also review re-

cent studies using canine clinical SCI and, where relevant, how

their findings have impacted the field.

Clinical Characteristics of SCI in Dogs

Acute SCI in pet dogs has two major etiologies, both of which cause

a mixed contusive-compressive lesion: (1) fracture or luxation of the

vertebral column; and (2) spontaneous intervertebral disc herniation

(IVDH) secondary to degeneration and calcification of the nucleus

pulposus, which predominantly affects small breed dogs such as

dachshunds, beagles and Pekingese.18,19 The IVDH is by far the more

common cause and results in a mixed compressive and contusive SCI

most frequently in the thoracolumbar region.20 The anatomy of the

canine spinal cord differs from humans in that the spinal cord of dogs

terminates at approximately the sixth lumbar vertebra in most animals

(there are 13 thoracic vertebrae and seven lumbar vertebrae in dogs).

As such, herniation of intervertebral disc material in the thoracolumbar

spine is akin to a midthoracic injury in a person.

Severity of neurologic injury caused by IVDH-associated SCI

spans a spectrum up to and including sensorimotor complete injury,

with predictable patterns of recovery across different severities.18,19

For dogs with incomplete injuries, significant neurological recovery

is often observed; however, for those with sensorimotor complete

injuries (equivalent to Abbreviated Injury Scale [AIS-A] status in

humans), 40–50% experience permanent paralysis, somatosensory

dysfunction, and incontinence.21 A recent review describes the

prevalence of AIS-A equivalent injuries in dogs with IVDH to be

approximately 15%,22 which translates to approximately 2000–

3000 cases per year in the United States alone.9 This provides a

convenient clinical animal model for study of SCI. For the purposes

of this review, the term SCI, as used in the context of dogs, will refer

specifically to IVDH-associated thoracolumbar SCI.

Histopathology of Canine SCI

Because dogs with IVDH-associated SCI represent a clinical

population of companion animals, the spinal cord is not routinely

available for histopathology, mirroring the human condition in

which histopathological studies are also limited. Several studies,

however, describe the histopathological changes associated with

naturally occurring IVDH-associated SCI in dogs. Lesions typi-

cally consist of varying degrees of gray matter hemorrhage and ne-

crosis, inflammation and gliosis, axonal swelling, sparing of peripheral
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and small diameter axons, and variable but mild degrees of demye-

lination, thus corresponding to a mixture of contusion and compression

injury, while complete laceration injuries are rare.20,23–25 These find-

ings reflect histopathological features of moderate contusive/com-

pressive types of human SCI, which have been detailed in several

excellent publications.26,27 Histopathological studies of chronic canine

IVDH-associated SCI are limited, preventing a detailed comparative

discussion of similarities and potential differences in the nature and

severity of histopathological lesions after canine and human SCI.

Based on available histopathological data, a time course for tissue

responses in the injured canine spinal cord is as follows:

Acute changes (0–3 days; Fig. 1A-C)

Foci of edema, gray matter hemorrhage, necrosis, and cavitation

are apparent. Axonal swelling indicating primary axonal damage is

FIG. 1. Histopathology of representative dogs with acute (0–3 days) (A–C), subacute (3 days–3 weeks) (D–F), and chronic (>3 weeks)
(G–I) spinal cord injury (SCI) because of intervertebral disk herniation (IVDH). (A) Overview of a case of acute SCI, demonstrating
relatively preserved morphology. Several swollen axons within moderately dilated myelin sheaths are observed throughout the white
matter, accompanied by mild to moderate gray matter hemorrhage. (B) Closer view of extravasated erythrocytes (hemorrhage) in close
proximity to the central canal. Some axons appear hypereosinophilic and swollen (spheroids); 10 · objective. (C) Axonal damage is a
consistent feature of IVDE-induced SCI, as demonstrated by intense axonal immunoreactivity for nonphosphorylated neurofilament
(arrows); 20 · objective. (D) Overview of a case of subacute SCI, demonstrating preserved architecture but diffuse pallor of the white
matter, indicating myelin sheath edema and swelling. (E) Within dilated myelin sheaths, which are commonly affected by axonal dropout,
phagocytic cells with foamy, vacuolated cytoplasm and excentric nuclei are commonly observed (arrow), indicating myelino- and
axonophagia; 40 · objective. (F) Cells intensely labeled by a lectin of Bandeiraea simplicifolia (arrows) are indicative of the microglia/
macrophage origin of these cells; 40 · objective. (G) Overview of a case with chronic SCI with severe destruction of the organotypic
architecture of white matter (open asterisk) and gray matter (asterisk). There is necrosis (myelomalacia) as well as glial scarring, which
predominantly affects the gray matter. Note degenerated intervertebral disk material, which is attached to the dura mater in this case
(arrow) (H) Closer view of the white (open asterisk) and gray matter (asterisk) of the same case. While there is intense diffuse hyperemia of
blood vessels, the gray matter is characterized by severe proliferation of partly spindloid glial cells and capillaries, consistent with glial
scar tissue formation; 10 · objective. (I) White matter (open asterisk) and gray matter (asterisk) of another case with chronic SCI. Besides
myelin sheath swelling, the white matter is relatively preserved, while there is severe diffuse infiltration of myriads of phagocytic
macrophages within the gray matter, as demonstrated by positivity with the lectin of Bandeiraea simplicifolia, indicating severe necrosis
of the gray matter; 20 · objective. Hematoxylin and eosin staining (A, B, D, E, G, H) and immuno-(C) and lectin histochemistry (F, I) using
the avidin-biotin-peroxidase complex method and 3,3¢-diaminobenzidine as chromogen.
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a consistent observation in acute cases, while there is preferential

sparing of peripheral axons and small (<5 lm diameter) axons of

the dorsal funiculus.20,24 Both Wallerian-like degeneration and

occasional severe segmental paranodal myelin disruption are ob-

served, as are swollen astrocytes and neuronal changes.20,24

Data from studies evaluating cerebrospinal fluid (CSF) bio-

markers in SCI indicate that neutrophils are an important compo-

nent of the acute response to injury, as evidenced by significant

upregulation of matrix metalloproteinase-9 (MMP-9) early after

injury and the predominance of neutrophils in the CSF of acutely

injured dogs.28 These findings closely mimic observations in acute

stages of human SCI.29 An influx of MAC-387-positive blood-

derived macrophages is observed in the acute stage of injury,30 and

perivascular cuffing may occur in conjunction with infiltration of

the meninges with leukocytes.20 Phagocytic cells are observed

diffusely throughout the gray and white matter, primarily in areas

of hemorrhage. Significant upregulation of pro-inflammatory cy-

tokines such as interleukin (IL)-6, IL-8, IL-1b, and tumor necrosis

factor is observed within the injured cord at this stage,30,31 paral-

leling rodent and human findings.32,33

Subacute (3 days–3 weeks; Fig. 1D–F)

Myelin edema is observed diffusely throughout the spinal cord

parenchyma, and axonal degeneration and swelling extend both

cranial and caudal to the lesion epicenter.24 Large numbers of

debris-filled microglia/macrophages are observed within the cord,

paralleled by marked upregulation of major histocompatibility

complex class II, with roughly similar timing to peaks in microglial

activation noted in humans with SCI.29,30 Enhanced numbers of

glial fibrillary acidic protein-positive cells can be identified within

the spinal ependymal lining of the central canal, consistent with

astrocytic differentiation of endogenous neural precursor cells.34

Chronic changes (>3 weeks; Fig. 1G–I)

In rare reports of chronic cases, the spinal cord may show severe

reduction of the cross-sectional area at the lesion epicenter. In

parallel to marked gliosis, extensive oligodendrocyte remyelination

of preserved axons has been reported in a case of chronic SCI.20

After severe injuries, there may be total loss of the organotypic

architecture with complete dissolution of the spinal cord.35,36 Ac-

centuated within the gray matter, there may be severe necrosis

(malacia) with complete destruction of original tissue structure,

which is replaced by abundant phagocytic microglia/macrophages

and glial scar tissue. Histopathological studies focusing on chronic

canine SCI lesions are so far limited and are thus highly needed to

reveal commonalities and potential differences to advanced stages

of naturally occurring human cases and experimental models,

which, for instance, report formation of cystic cavities.26,27 The

formation of cysts after SCI is highly variable across species in-

cluding rats, mice, pigs, and nonhuman primates.37–41 In humans, a

variable proportion of chronic cases of SCI is accompanied by the

formation of cysts.26,27,29 Cystic cavities have been reported in

dogs with chronic SCI20; however, the prevalence of this finding,

particularly in the context of IVDH-associated SCI, requires further

exploration.

Imaging

Magnetic resonance imaging (MRI) and computed tomography

are routinely used in dogs with SCI to identify sites of spinal cord

compression and parenchymal changes before surgical decom-

pression paralleling the diagnostic approach used for humans with

SCI (Fig. 2).42,43 While it is currently routine to use MRI to locate

lesions and define compression severity, the role of MRI as a bio-

marker of disease/predictor of outcome is not yet well-defined.44,45

As in humans with traumatic myelopathies, hyperintensity within

FIG. 2. Sagittal (A) and transverse (B, C, D) T2-weighted 3.0T magnetic resonance images of the thoracolumbar spinal cord from a
dog with an acute sensorimotor complete injury caused by an intervertebral disc herniation. At the T13-L1 vertebral junction (white
arrows), there is severe extradural spinal cord compression caused by herniated intervertebral disc material. There is normal spinal cord
proximal to the lesion (B), severe spinal cord compression at the lesion epicenter (C), and T2 hyperintensity within the spinal cord
immediately caudal to the lesion (midbody of L1) (D).
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the canine spinal cord on T2-weighted images correlates with neu-

rologic dysfunction measured by ordinal locomotor scores.44,46,47

Several studies have likewise found length of T2-hyperintensity

within the spinal cord is negatively correlated with long-term re-

covery of ambulation.44,46,48,49 Further optimization of techniques is

needed to enhance repeatability of MRI quantification of spinal cord

lesions.47 Along with protocol refinement, the application of newer

MRI sequences may be useful; the feasibility of DTI has been dem-

onstrated in several recent studies.50–52

Outcome Assessment

Most assessment tools used in dogs recapitulate the techniques

that are used for humans including ordinal locomotor scales, ki-

nematic assessments, quantitative sensory testing, and urodynamic

studies.

Ordinal gait scales

Most basically, dogs can be categorized as ‘‘ambulatory’’ or

‘‘nonambulatory,’’ where the term ambulatory indicates that the

animal can take at least 10 consecutive voluntary weight-bearing

steps in both hind limbs without assistance and without falling.15,45

This provides a simple assessment of locomotor recovery, but does

not discriminate between dogs who walk normally and those with a

profoundly abnormal gait. It is most useful when applied to dogs

with sensorimotor complete injuries, because a significant pro-

portion (40–50%) of these animals do not regain the ability to walk

with current standard of care therapy, which includes laminectomy

to decompress the spinal cord.9,21,45,53 While not sensitive to small

changes in locomotor recovery, it is possible that this scheme could

be used as a primary outcome in a veterinary clinical trial. An

intervention expected to result in an extra 15% of dogs with com-

plete injuries converting to an ambulatory status would require a

group size of approximately 160 (90% power, alpha 0.05).

Several ordinal scales have been adapted from the Frankel and

Tarlov scales.54–56 These divide recovery into broad categories based

on the presence or absence of pain perception, nonweight- and weight-

bearing movement, and gait. These scales are easy to apply, but fail to

discriminate phases of recovery once consistent weight-bearing steps

are established, reaching a ceiling effect early in recovery after in-

complete injury and providing little benefit over categorization as

ambulatory or not for dogs that have complete injuries.

More complex ordinal locomotor scales have been developed and

validated for dogs with clinical SCI and assist in discriminating re-

covery of dogs with incomplete SCI. These include the Texas SCI

scale (TSCIS), the Open Field Score (OFS), and a modification of the

Basso-Beattie-Bresnahan (BBB) scale—the canine BBB (cBBB).56–58

From a historical perspective, it should be noted that the BBB itself is

a modified Tarlov scale, which was originally derived in dogs.54 Each

of these locomotor assessments has been used in the canine clinical

setting in single- or multi-institutional veterinary clinical studies in

SCI. The OFS was recently used in a large-scale trial involving 13

clinical centers that evaluated the effects of several interventions in

dogs with complete SCI.59 A goal of the consortium is to institute

standardized training programs across centers to ensure strong inter-

rater reliability for locomotor assessments in consortium-run trials. A

wealth of historical data provides a basis for sample size determina-

tions using ordinal gait scales as a primary outcome measure for future

veterinary clinical trials (Fig. 3). For dogs with complete injuries,

detecting a 20% improvement in locomotor score (on any of the three

scales) by 6–12 weeks requires group sizes of approximately 40 dogs

(90% power, alpha 0.05). The 6–12 week time frame in dogs is

0
0

2

2

4

4

6

8

8

0 2 4 6

10

12

12

G
ai

t S
co

re

0

2

4

6

8

10

12

G
ai

t S
co

re

0

20

40

60

80

100

Time after injury (weeks)

Time after injury (weeks)

0 2 4 6

Time after injury (weeks)

F
or

e 
lim

b 
hi

nd
 li

m
b 

co
or

di
na

tio
n 

(%
)

A

B

C

FIG. 3. Box and Whiskers plots of hindlimb functional recovery
after surgical decompression in dogs with clinical spinal cord
injury, as measured by the Open Field Score (OFS). The upper and
lower limits of the boxes represent the 25% and 75% quartiles,
with the median transecting the box. The whiskers represent the
maximum and minimum values and the circular point represents
the mean. (A) Dogs with complete injuries show an incomplete
recovery of ambulation, plateauing by 3 months after injury. (B)
Dogs with incomplete injuries show robust recovery within two
weeks. (C) In spite of motor recovery, dogs with incomplete in-
juries show an incomplete recovery of forelimb-hindlimb coor-
dination quantified using the regularity index to express the
number of steps occurring in a normal step cycle sequence. A
score of 12 indicates ‘‘normal’’ using the OFS and normal dogs
score 100 on the regularity index assessing forelimb-hindlimb
coordination.
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roughly equivalent to humans at 6 months after injury. If smaller but

still clinically relevant improvements are to be detected, large sample

sizes are required.

Treadmill-assisted walking and kinematics

A limitation of ordinal gait scales is that data are not continu-

ous; meaning, intervals of improvement in function may not

be equidistant from each other. An inexpensive method of gener-

ating continuous data on hindlimb function after SCI involves the

evaluation of treadmill-assisted stepping and coordination scores.

This technique has been described in dogs with various degrees of

clinical SCI, with sling support provided for dogs with motor

function to the hindlimbs that are unable to take unassisted weight-

supported steps.60–62 It has also been used as a primary outcome

measure in a recent canine clinical trial.63 Treadmill walking is

videotaped at a standardized speed, and an observer scores a total

of 50 step cycles. A ‘‘stepping score’’ is calculated as the ratio of

hindlimb steps to forelimb steps, and the coordination can be as-

sessed by calculating from the ratio of coordinated hindlimb steps

to total hindlimb steps, or in the manner of Koopmans and asso-

ciates,64 as a regulatory index, expressed as the percentage of total

steps that are taken within a normally coordinated step cycle. There

is a strong correlation between stepping score and the OFS, sug-

gesting its utility to generate continuous locomotor data in dogs

with clinical injury,62 and the incomplete recovery of forelimb-

hindlimb coordination in dogs with an excellent recovery of step-

ping can be clearly documented using this technique.65

Kinematic assessment

Kinematic analysis provides an objective method for quantify-

ing various aspects of limb movement in dogs that are able to step

either with or without external weight support. To increase repro-

ducibility and minimize inherent experimental variability, it is

useful to assess dog ambulation on a treadmill.60 This allows ob-

servation of hundreds of step cycles in only a few minutes with

cameras capturing the gait at >100 Hz. The use of a treadmill can

induce stepping by stimulating intact central pattern generators,66

but kinematic evaluation of parameters such as forelimb-hindlimb

coordination and lateral stability help differentiate ‘‘spinal walk-

ing’’ from true recovery of coordination.61,67

Kinematic outcomes after interventions in SCI-affected dogs

have focused on thoracolumbar dysfunction, because this region is

most commonly affected in canine clinical cases. Motion capture

analysis provides a means by which incoordination can be objec-

tively quantified. It also allows detection of more subtle changes in

function that might arise as a result of a putative therapeutic in-

tervention, but may not be observed by semi-quantitative or qual-

itative methods.60 This type of analysis is performed by attaching

reflective markers to strategically important landmarks on the fore-

and hindlimbs. The resulting numerical data can then be analyzed

to produce summary values for the time delay between components

of gait (such as the moment of lifting of the paw from the treadmill

surface) between specific pairs of limbs. Normal dogs have ex-

tremely tight regulation of these temporal relationships, which is

lost after SCI and then regained during spontaneous recovery after

incomplete lesions.60 Kinematic assessment of gait has been used

successfully to analyze the effect of cell transplantation into dogs

with chronic SCI.14

Kinematic assessments provide a menu of possibilities for

quantification of subtle aspects of gait dysfunction after SCI. Even

relatively mild spinal cord injuries will impair accuracy of paw

placement in the lateral plane—i.e., paws of limbs of one girdle

tend to be placed at an inconsistent distance from each other when

viewed over a series of steps.61 This can be readily quantified using

kinematics, where the distance between paws of consecutive steps

can be measured and the coefficient of variation (standard devia-

tion/mean) provides a simple summary measure of the variability

(Fig. 4). Recovery of this variable to normal values is not always

achieved even in dogs that recover independent ambulation after

incomplete SCI. This permits objective analysis of quality of re-

covery after even mild injuries, thereby extending the population of

injured dogs that can be used for future assessment of the impact of

putative therapies.

FIG. 4. Kinematic assessment of dogs with clinical spinal cord injury. Stick diagrams obtained from a dog during treadmill walking
and filmed with infrared cameras detecting position of paw markers placed on the dog’s fur; this dog had acute thoracolumbar spinal
cord injury caused by intervertebral disc herniation; the dog is moving forward in the direction of the orange arrows and the three
planes of space (x, y, z) are depicted at the bottom of (A) and (B); the thoracic limb step cycles appear in yellow and light blue
and the pelvic limb step cycles appear in green and dark blue; this method allows kinematic assessment of gait in three dimensions.
(A) is a recording 48 h after the onset of SCI: the degree of lateral instability (yellow double head arrows) can be summarized using
a coefficient of variation compared with the thoracic limbs coefficient of variation that have a normal pattern in this dog with
a thoracolumbar lesion (white double head arrows), 1.64 in this case. (B) is showing the recording of the same dog 2 weeks after
onset of signs with improved pelvic lateral stability and a coefficient of variation ratio between pelvic and thoracic limbs of 0.9,
returning to normal.
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Urodynamic assessment

Similar to humans, severe SCI in pet dogs leads to dysfunction of

urine voiding and storage.68–70 After recovery from the acute phase

of injury, urinary incontinence in persistently paralyzed dogs is

characterized by detrusor overactivity during bladder filling, lack

of voluntary control of voiding, and detrusor-sphincter dyssynergia

(Fig. 5). These result in frequent urination, large bladder residual

volumes, and increased risk of urinary tract infection.

Bladder urodynamic function is monitored in humans because

it improves clinical decision-making for management of incon-

tinence and long-term outcome.71 In dogs with neurologically

complete injuries, it can be performed without sedation using

urodynamic equipment identical to that used in humans.72 Cysto-

metry, urethral profilometry and sphincter electromyogram give

access to a range of data in SCI-affected dogs, mirroring the basic

urodynamic dataset proposed for humans.73 This includes de-

trusor activity such as number of involuntary detrusor contrac-

tions, bladder compliance, and sphincter activity during bladder

filling and voiding, leak pressure point pressure, maximum de-

trusor pressure, and post-residual volume.

Cystometric characteristics of neurogenic bladder dysfunction in

dogs with SCI are similar to those of spinal cord injured humans

and consist of reduced cystometric bladder capacity, abnormally

low compliance, and involuntary detrusor contractions.74 This

suggests that the clinical dog model is suitable to test therapies

directed at resolving incontinence after SCI, as evidenced by the

testing of the Brindley system using a canine version of the sacral

anterior root stimulator.75

Assessments of sensory function

The canine clinical model of SCI may also provide a valuable

model to study interventions targeted at somatosensory distur-

bances, the existence of which has been documented even in early

studies of canine SCI by Tarlov.76 Investigation of neuropathic pain

in dogs with SCI has hitherto been limited, likely because the

phenomenon in humans typically requires self-reports on sensation.

In addition, because pet dogs with SCI are clinical ‘‘patients,’’ an

acclimation period to techniques and investigators as is suggested

in rodents is not feasible. Two modalities for quantitative sensory

testing have recently been validated in canine clinical models of

neuromusculoskeletal disease: measurement of mechanical sensory

threshold using various algometers, and thermal threshold test-

ing.77,78 Specifically, both have been explored in acute moderate to

severe SCI, revealing significant differences between normal and

SCI-affected dogs, and recovery of sensory threshold toward nor-

mal as locomotor status improves (Fig. 6). Future studies focusing

on the natural history of chronic somatosensory dysfunction in dogs

with SCI will be instrumental in defining the role of dogs as a

translational model of neuropathic pain.

FIG. 5. Cystometry curves obtained during bladder filling in
dogs with chronic sensorimotor complete spinal cord injury (top
and middle trace) and in a normal dog; the infused solution is
sterile saline at a constant rate (10 mL/min, x-axis). The y-axis
represents the bladder pressure (cmH20) measured simultaneously
during bladder filling. The top trace depicts the recording in a dog
with poor bladder compliance; involuntary detrusor contractions
are detectable (dashed arrow) for small volumes. The middle trace
represents bladder atony in a chronically paraplegic dog in which
poor bladder management has led to distension of the detrusor and
high compliance; the pressure remains low for a high infused
saline volume. The bottom trace represents a normal cystometry
curve in which bladder pressure slowly increases during bladder
filling up to the micturition threshold (black arrow); this is fol-
lowed by urination visible as a steep rise of pressure then declined
as the bladder is emptied.

FIG. 6. Quantitative sensory testing using an electronic von Frey anesthesiometer in dogs with incomplete thoracolumbar spinal cord
injury. (A) Comparison of left and right hindlimb sensory threshold (grams) between normal dogs (n = 20) and dog with incomplete
spinal cord injury (n = 29) at days 3, 10, and 30 after injury. Sensory threshold is significant higher in SCI-affected dogs at all three time
points evaluated, and sensory threshold decreases over time, consistent with either sensory recovery or the development of hyperes-
thesia. Mean – standard error of the mean are presented and asterisk denotes p < 0.05. Image reprinted with permission.77 (B) Sensory
thresholds (grams) in SCI-affected dogs are also inversely correlated with locomotor score as measured by the canine Basso-Beattie-
Bresnahan (BBB) (cBBB) scale (r = - 0.68; p < 0.0001). Image reprinted with permission.58
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Blood and Cerebrospinal Fluid Biomarkers

Serum and CSF biomarkers have been identified in canine SCI

using targeted approaches based on data from human and rodent

studies. These closely parallel the human and experimental neu-

rotrauma literature (Appendix 2; see online supplementary material

at ftp.liebertpub.com). Much of this work has focused on CSF ac-

quired from the cerebellomedullary cistern (above the lesion site)

at the time of SCI and has shown that a variety of structural, in-

flammatory, protein, cellular, and metabolite markers correlate

with injury severity and long-term locomotor recovery. Blood-

based biomarkers of injury hold tremendous promise because of the

ease of sample acquisition and the ability to obtain longitudinal

measures to correlate with outcome. Early work has shown corre-

lation between serum phosphorylated neurofilament, injury sever-

ity, and outcome.79 Serial measurement of serum MMP-2/MMP-9

activity was also recently used to assess the pharmacodynamics of

a broad-spectrum MMP inhibitor in dogs with SCI.15 Thus, there is

an opportunity to use biomarkers for stratification of enrollment in

clinical trials, serial measurement of pathologic processes, phar-

macodynamics, and even as surrogate therapeutic trial end-points.

Canine Spinal Cord Injury Trials

The notion that pet dogs can be used in SCI research is not a new

one. In fact, veterinary SCI studies have played an important role

in early development of treatments such as polyethylene glycol

(PEG),13 oscillating electrical fields,11,12 and 4-aminopyridine (4-

AP).10 Most notably, dogs with SCI played a pivotal role in

translation of 4-AP to the human market. A phase I veterinary

clinical trial of 4-AP was originally completed in 39 dogs com-

prising both chronic complete and incomplete SCI, most caused by

acute IVDH.10 The trial supported the utility of the drug to treat

conduction block in certain dogs with chronic paralysis, and the

drug subsequently moved on to human clinical trials.80–86 Although

the drug ultimately failed to meet primary end-points in larger

randomized trials in SCI,85,86 it was eventually approved for per-

sons with multiple sclerosis based on two phase III trials demon-

strating a significant effect on walking speed in that population.87,88

More recently, several randomized, placebo-controlled studies

have demonstrated that it is feasible to use the clinical dog model

for large-scale translational studies to pursue second-species con-

firmation of promising laboratory interventions by exploiting the

added benefits of the veterinary clinical setting to mirror a human

clinical trial. The types of interventions have ranged from acute

neuroprotective strategies to pharmacological interventions in

chronic injury to cell-based therapies.

Two acute neuroprotective studies have been completed recently

using the clinical dog model. The first was a randomized, placebo-

controlled study that followed the Consolidated Standards of Report-

ing Trials—known as CONSORT; see www.consort-statement.org—

guidelines and assessed a metalloproteinase inhibitor (GM6001) in a

population of dogs with both complete and incomplete injuries of

fewer than 48 h duration.15 Dogs received a single subcutaneous in-

jection of GM6001 in dimethyl sulfoxide (DMSO) to achieve blood

drug levels required to inhibit metalloproteinase activity for a brief

period. Control groups consisted of dogs receiving a saline injection

and those receiving a DMSO injection at the same time points. The

primary outcome measure was the TSCIS score at 42 days after injury.

A significant reduction in serum MMP-2/MMP-9 activity was ob-

served in the GM6001 group at three days after injury, and there was

improved functional recovery for dogs with complete injuries that

received both DMSO alone and GM6001/DMSO. While different

from saline placebo, outcome in these two groups did not differ from

each other, suggesting that DMSO was likely the mechanism by which

recovery was enhanced.

The second was a multi-institutional placebo-controlled, ran-

domized veterinary clinical trial evaluating the effects of PEG and

methylprednisolone sodium succinate (MPSS) on outcome in acute

SCI.59 The study enrolled dogs with sensorimotor complete injuries

of less than 24 h duration from 13 participating trial centers. Dogs

were randomized to one of three treatment groups (placebo, MPSS,

PEG), and locomotor function was assessed at 2, 4, 8, and 12 weeks

post-operatively using the OFS. Primary outcomes measures were

OFS score at 12 weeks and ability to walk (‘‘yes’’ or ‘‘no’’) at 12

weeks. Secondary outcomes such as presence of pain sensation,

OFS score, and ability to walk at 2, 4, and 8 weeks were also

evaluated. The study failed to detect a treatment effect of either

PEG or MPSS at 12 weeks after injury, and there was no difference

between groups with respect to secondary outcome measures. The

study was terminated after an interim analysis and conditional

power calculations suggested futility of continued case recruitment

to show significant treatment effects.

There are also several recent studies that have used a population

of chronically injured dogs to model the situation of humans with

chronic injury.14,63,75,89 One such study evaluated the use of two

pharmacological interventions—4-AP and the t-butyl carbamate

derivative of 4-AP in dogs with chronic SCI using a blinded,

placebo-controlled crossover design.63 All dogs enrolled in this

study had static paraplegia or nonambulatory paraparesis for a

duration of at least three months. The primary outcome measures

were OFS score and a treadmill-based stepping and coordination

scores. Secondary outcomes such as blinded owner assessments of

function and neurological examination findings were also evalu-

ated. Statistically significant improvements in supported, but not

unsupported, treadmill stepping and in OFS scores were noted in

the dogs during treatment with both 4-AP and the t-butyl derivative.

Interestingly, while the generation of unsupported steps was not

statistically different from placebo, three dogs improved from be-

ing unable to generate unsupported weight-bearing steps to inde-

pendent stepping with 4-AP (n = 3) or the t-butyl derivative (n = 2),

highlighting the potential value of these drugs in a subset of

chronically paralyzed persons.

Last, a well-publicized, randomized, double-blind trial that eval-

uated the effects of intraspinal olfactory ensheathing cell (OEC)

transplantation on locomotor outcome was completed recently in

dogs.14 In this study, dogs with sensorimotor complete injuries of

greater than 3 months received intraparenchymal injections of OECs

or the cell transport media alone. The primary outcome measure was

kinematic assessment of forelimb-hindlimb coordination over 50

steps during treadmill walking. A variety of secondary outcomes

were also assessed, including lateral stability during treadmill walk-

ing, somatosensory-evoked potentials, transcranial magnetic motor-

evoked potentials, and bladder compliance.

Based on the primary outcome measure, a significant treatment

effect was observed in the OEC treatment group, but other as-

sessments of long tract function such as lateral stability, continence,

and evoked potentials did not improve with treatment. The authors

suggest that these results reflect plastic changes in propriospinal

connections and do not imply restoration of brain control over

hindlimb motion. This study underscores the feasibility of con-

ducting investigations of cell-based therapies in dogs with clinical

SCI. It also suggests that OECs are efficacious to restore motor

function that is not under brain control, but used alone are unlikely

to provide meaningful return of complex functions such as balance
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or continence. This suggests that a combinatorial strategy is nec-

essary to repair the spinal cord and improve long tract function

in the chronic phase of injury. Several other transplantation stud-

ies using cell-based therapies of various types have also been

completed using the clinical dog model of SCI.90–96 The results

of these transplantation studies have been summarized recently

elsewhere.97

Conclusion

Dogs with clinical SCI can address an important translational

gap in the field of SCI research. The clinical dog model of SCI

parallels the human condition with respect to patient and lesion

heterogeneity, clinical management, available outcome assessment

tools, and spinal cord histopathology. Compared with most labo-

ratory animals, the dog spinal cord is of more comparable size to

that of humans, allowing for the study of interventions at a relevant

scale and with outcome assessments similar to those used in human

trials. Moreover, there is a large group of chronically paralyzed pet

dogs available for study of chronic injury. Despite being considered

a research priority by the human SCI community, experimental

studies specifically aimed at the chronic injury state are costly and

logistically challenging. The canine clinical model of SCI presents

a unique opportunity to study chronic injury in a group of pet dogs

living with SCI, and treatment effects in this model may be more

predictive of outcome in human trials than laboratory studies.

Our multicenter international consortium, CANSORT-SCI,

manages a high volume of both acute and chronic clinical SCI in

dogs. This offers the opportunity to efficiently conduct rigorous

‘‘clinical trials’’ in the veterinary setting before taking an inter-

vention into humans. The significant body of published work re-

viewed above indicates that the strength of the model lies in its

utilization for translational studies to provide important assess-

ments of promising laboratory interventions. Further, CANSORT-

SCI is an example of the One Health Initiative, a worldwide

strategy for expanding interdisciplinary collaborations and com-

munications in all aspects of health care for humans, animals, and

the environment. The studies reviewed here support continued and

expanded use of dogs with clinical SCI to enhance translation from

benchtop to the human bedside with the overall goal being to im-

prove functional outcome for persons and animals affected by SCI.
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