ABSTRACT
SPARKS, COURTNEY ROUSSE. Characterizing a Naturally Occurring Model of Neuropathic
Pain in Cavalier King Charles Spaniels. (Under the direction of Dr. Natasha Olby).
Neuropathic pain is an extremely common and debilitating condition resulting from many
conditions including Chiari-type 1 malformation (CM1). Approximately 215,000 Americans
suffer from CM1, a developmental disorder resulting in a disproportionately small skull that is
inadequate in volume to accommodate the cerebellum. As a consequence of neural parenchyma
compression, cerebrospinal fluid (CSF) flow is obstructed often leading to the development of
syringomyelia (SM), fluid filled cavities within the spinal cord. Collectively, these conditions
cause a wide range of signs including neuropathic pain, sensory deficits, and in severe cases,
death. A genetic basis for CM1 is inferred but much uncertainty still exists about the etiology of
the disease and the associated clinical signs.

Chiari-like malformations, a canine condition that is strikingly similar to the human disor,
ubiquitously affect Cavalier King Charles spaniels (CKCS). Analogous to findings in people,
many CKCS develop secondary SM as a result of CM. In addition to the goals of improving the
management of CM and the overall health of the CKCS breed, there is a need for naturally
occurring, large animal models of neuropathic pain to facilitate better treatment of afflicted
people. At present, the usefulness of this canine model is limited by the difficulties in
documenting and quantifying neuropathic pain in dogs as well as the uncertainty that still exists
about the etiology and heterogeneity of clinical signs as it relates to morphology and genetics.
Current literature suggests SM is the main driver of clinical signs in CKCS; however, in light of
the large proportion of symptomatic dogs that lack SM, we suspected that the development of
clinical signs in dogs was more complex potentially reflecting additional morphological changes,

or alterations in pain pathways. Our overall aim of this work was to comprehensively
characterize CM and SM using a combination of novel clinical tools, imaging techniques, and
genetic analyses.

To begin, condition-specific clinical metrology instruments (CMIs) and quantitative sensory
threshold (QST) protocols were established to capture the spectrum of clinical signs in these
dogs. From this work we identified the two most commonly reported clinical signs were
phantom scratching and crying out in pain. Dogs that were painful on neurological examination
had mechanical hypersensitivity compared to dogs that were not painful. Further, we discovered
inconsistencies among owner and clinician reported clinical signs and imaging findings. While
systematically characterizing clinical signs in CKCS, we frequently observed severe lumbosacral
pain that was rarely described previously. This led us to morphometry studies that revealed
differences in CKCS spinal cord termination compared to other breeds and additional work
revealed an association between caudal spinal anatomy and pain. This finding mirrors the
coexistence of CM1 and tethered cord syndrome in people. Finally, we leveraged our CMIs and
detailed characterizations of clinical signs to perform genome wide association studies on a
cohort of 174 CKCS. Our results replicated previously published work by identifying a region of
interest on chromosome 26 and identified a novel region of interest on chromosome 13 that
contains KCTD8, which affects the activity of gamma-aminobutyric acid (GABA) receptors.
Selection pressure analyses and whole genome sequencing results further strengthened the
candidacy of our regions of interest.

Ultimately this work has expanded the utility of this translational model of neuropathic pain by
deepening our understanding of clinical signs in CKCS with CM and SM and establishing tools
that can be used for staging disease and assessing outcomes in clinical trials. We have identified
inconsistencies among SM and clinical presentation and discovered a novel morphologic
contributor of pain as well as chromosomal regions associated with pain in CKCS with CM and
SM.
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CHAPTER 1
Introduction

Chiari malformations in people
Chiari malformations are congenital abnormalities of the posterior skull and cerebellum. Though
the National Institute of Neurological Disorders and Stroke (NINDS) identifies 4 main types of
Chiari malformations1, the focus of this review is on the most common type, Chiari-type 1
malformation (CM1). This condition is defined by herniation of the cerebellar tonsils below the
foramen magnum (3 - 5 mm) and is often associated with syringomyelia (SM), fluid filled
cavities in the spinal cord (figure 1)2, 3. Clinical presentation is variable but manifestations of
neuropathic pain dominate including headaches, neck pain, and burning sensations of upper
extremities4. It is estimated that 215,000 Americans are affected with CM1 and the consequences
can be fatal with reports of sudden infantile deaths5-7. Although estimating the prevalence of
CM1 is difficult since expensive imaging is required for diagnosis, symptoms are nonspecific
leading to a high rate of misdiagnosis, and some individuals are asymptomatic with CM14, 8, 9.
There are profound physical, emotional, and economical burdens associated with CM1 in people.
Negative impacts on daily living, even in patients with mild symptoms, have been reported to
occur in 96.1% of CM1 patients10. As a result of these findings and in accordance with the
Americans with Disabilities Act, CM1 is classified as a disability10. Surgical costs for treatment
of CM1 have been estimated to be approximately $15,000 - $30,000 with estimates dramatically
increasing with postoperative complications11-14. These estimates do not include the economic
burdens associated with the inability to work, the need for caretakers, and continued medical
management of the disability. Furthermore, neuropathic pain is a major consequence of CM1,
and it has been estimated that management of neuropathic pain in people costs $30,000/year15.
Treatment of CM1, and other conditions causing neuropathic pain, is challenging due to the
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complexities of the nervous system. While a genetic basis for CM1 is evident, the etiologies of
CM1 and the development of neuropathic pain associated with CM1 remains largely unknown.
Research on CM1 and neuropathic pain is limited by the lack of clinically-relevant large animal
models of disease. The remainder of this chapter summarizes the CM1 in people, neuropathic
pain associated with CM1, experimental models of CMSM, the canine condition, the
translational potential of the dog model, and how this work proposes to aid in the usefulness of
the canine model.

Figure 1. Schematic representation of normal posterior cranial fossa anatomy (left) and
anatomical changes as a result of CM1 and SM (right). The black dashed line represents the
foramen magnum, the opening at the back skull where the spinal cord enters. The red circle
outlines the posterior cranial fossa that contains the cerebellum and brainstem. Note that the
cerebellar tonsils are herniated through the foramen magnum and syringomyelia is present
within the spinal cord on the right image.

Diagnosis of CM1 and associated morphometric changes
Magnetic resonance imaging (MRI) is the gold standard for diagnosing CM1 but computed
tomography (CT) scans are also used. In CM1 patients, there is a mismatch in the size of the
skull and that of the brain; specifically, the skull is inadequate in size to house the brain.
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Extensive morphometry studies have looked at the posterior cranial fossa (PCF), the portion of
the cranial cavity that contains the cerebellum and brainstem, and it is generally accepted that the
PCF is reduced in size in CM1 patients while the size of the neural parenchyma within the PCF
remains unchanged16-18. However, there is not general agreement regarding which skull
structures are abnormal. For example, the basioccipital bone and clivus are both skull base
structures that have been shown to be significantly reduced in some cohorts of patients with
CM116, 18, 19. Whereas, the supraoccipital bone, the caudodorsal part of the PCF, has been shown
to be greatly reduced in other CM1 patients17, 19. Other CM1 anomalies include flattening of the
skull base (platybasia), obex position20, basilar invagination (upward displacement of the second
cervical vertebra into the foramen magnum), and empty sellae turcica (fluid leakage into the
bony structure containing the pituitary gland) 21-24. Overall, there are a myriad of structural
changes involved in CM1 that altogether cause an increase in intracranial pressure and
compression of brain parenchyma in the PCF.

Secondary SM
As a consequence of neural parenchyma compression at the back of the skull, secondary SM
often develops in patients with CM1. Based on a review of patients from 1965 - 2013, it is
estimated that the prevalence of SM in CM1 patients is 65% for all ages and 40% and 69% for
pediatric and adult cases, respectively25. As with most aspects of this disease, there is no
consensus on the pathogenicity of CM1 and secondary SM. One of the original theories
postulated that there was communication between the 4th ventricle and the syrinx. During
systole, the brain expands and the cerebellar tonsils, that are already abnormally positioned in
CM1 patients, occlude the subarachnoid space, causing a piston-like effect that forces CSF from
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the 4th ventricle into the central canal of the spinal cord26, 27. Similarly, another theory suggested
that CSF flow is unobstructed when moving towards the brain but is restricted when moving
away from the brain and, as a consequence of increased intracranial pressure, fluid is pushed
from the 4th ventricle into the spinal cord28. These theories were refuted by Milhorat et al., who
performed autopsies on 105 people with CM1 and SM and found that the 4th ventricle and
central canal of the spinal cord were non-communicating in the majority of cases29. Furthermore,
the use of MRI has confirmed the rarity of a communicating 4th ventricle and central canal in
people27. A more plausible theory for the development of Chiari-related SM suggests a
mechanism from the outside of the spinal cord rather than an internal communication. Oldfield
et. al. suggested that pulsatile movements of the cerebellar tonsils occlude the subarachnoid
space at the level of the foramen magnum and cause leakage of CSF into the spinal cord
parenchyma27. To further support this idea, studies have shown that arterial pulsations contribute
to the movement of CSF into the spinal cord parenchyma30, 31. Nonetheless, the exact cause for
the development of a syrinx in CM1 patients is unknown.

Symptoms of CM1 and Secondary SM
The symptoms of CM1 are highly variable but can be divided into 2 categories: those that result
from alterations in CSF flow and those that arise from compression of the neural parenchyma32.
Changes in CSF flow dynamics cause the most commonly reported CM1 symptom, suboccipital
headaches that are worsened during physical exercise, straining, and coughing4, 32-34. Other
clinical signs such as generalized pain, weakness, numbness, ocular disturbances, difficulty
swallowing, hoarseness, sleep apnea, impaired balance and ataxia are likely a result of
compression of the cerebellum and brainstem 4, 32, 33, 35-37. Associated cognitive and
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psychological effects are also seen with an estimated 30-40% of CM1 patients suffering from
mood disorders, memory problems, and/or depression4. It is important to note that understanding
the etiology of clinical signs in CM1 patients is challenged by the fact that there are
discrepancies in MRI findings and clinical presentation. The extent of tonsillar herniation in
patients with CM1 has not been consistent with symptomatology38-40. Further, there is a high
number of asymptomatic CM1 patients, and many with severe clinical signs but tonsillar
herniation of only 3 mm or less38-40.

In addition to symptoms caused by CM1, SM can result in numbness, weakness, altered sensory
perception and neuropathic pain35, 41 42. Dysesthesias are unpleasant sensations described as
burning, itching, or prickling and are commonly reported in people with SM43. In fact, studies
on CM1 patients with SM have found associations among the orientation and location of
syrinxes and the distribution and severity of pain in the body44, 45. Another study confirmed that
enlarged and deviated (lateralized towards one side of the spinal cord) syrinxes are associated
with neuropathic pain in CM1 patients46. On the contrary, other researchers have failed to show a
clear association between syrinx size and clinical presentation39, 41, 47. Regardless of correlation
with symptomatology, it is evident that SM causes damage to the spinal cord. The syrinxes are
situated posteriorly or posterolaterally in the spinal cord causing damage to the posterior horn.
This positioning is problematic because the posterior horn is responsible for processing sensory
information through various pathways including the spinothalamic tract48. More discussion on
SM and neuropathic pain is addressed in upcoming sections. Collectively, CM1 and SM patients
suffer from a wide range of neurological symptoms. and imaging findings have not been clearly
associated with clinical presentation.
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Age and Sex Predilections
Typically, CM1, with or without SM, presents with a bimodal distribution during pediatric years
(peak presentation at 8 years) and as an adult (peak presentation at 41 years)25. The reason for
this age discrepancy at presentation is poorly understood. Nonetheless, age is an important
consideration for diagnosing CM1 cases especially when evaluating cerebellar tonsil position on
MRI. Evaluation of the pediatric CM1 patient is complicated by the fact that cerebellar tonsils
are at their lowest, most caudal position during this age and the tonsils will ascend as the patient
matures49. Thus, in asymptomatic children, tonsillar herniation suggestive of CM1 in the absence
of SM might be an insignificant finding. A retrospective study of 427 pediatric CM1 patients
without SM or symptoms (termed “benign CM1”) determined that development of symptoms or
worsening of MRI changes was rare and suggested that these cases should be managed
conservatively50. As for sex predilection, adult women are more likely to suffer from CM1, SM,
and increased tonsillar herniation5, 33, 49, 51, 52. One source estimates the adult female prevalence is
as high as 3:1 compared to adult men with CM153.

Etiology of CM1
Chiari malformations can be grouped by causes that are considered either primary or secondary.
The secondary, or acquired, forms of CM1 are less common and are usually a result of excessive
loss of CSF from the thoracic or lumbar spinal cord by trauma or shunting54-57. Tethered cord
syndrome (TCS), abnormal anchoring of the end of the spinal cord, has also been implicated as a
traction-based cause for acquired tonsillar descent; however, many studies have refuted this
hypothesis in favor of a genetic link to explain the coexistence of these conditions58-61. In
contrast, primary CM1 is thought to be a consequence of developmental anomalies, due to

7
genetic causes or insufficient maternal diet. The discoveries that CM1 occurs in twins7, 8,
aggregates in families5, 62, and cosegregates with other genetic disorders63-69 suggests that such
anomalies are due to genetics. Whereas, case reports suggesting an association between vitamin
B12 deficiency and the development of CM170, 71 indicate that the anomalies might be due to
insufficient maternal diet.

It has been hypothesized that CM1 is a disorder of the paraxial mesoderm, which develops
concurrently with the neural tube in utero, resulting in abnormal development of the skull52.
Several candidate genes that are responsible for occipital bone development have been found to
be associated with CM1 phenotypes5, 72-74. More specifically, candidate genes associated with
collagen and ostoeoblast/chondrocyte proliferation and differentiation have been suggested for
CM175. Furthermore, premature closure of the skull base growth plates (craniosynostosis), is
thought to be linked to the development of CM176. One of the major challenges in studying the
genetic basis of CM1 stems from the heterogeneous nature of the condition and lack of replicated
work. Although it is likely that there is a genetic basis for CM1, and several genetic causes have
been proposed, many remain unknown.

Comorbidities
The treatment of CM1 in people is complicated by the exhaustive list of reported coexisting
conditions. In addition to SM, CM1 patients suffer from other conditions affecting the brain and
spinal cord including scoliosis, hydrocephalus, spina bifida, and TCS1, 75, 77-79. As mentioned
previously, the theories surrounding the coexistence of TCS and CM1 are controversial as some
believe a causal relationship exists whereby tension at the end of the spinal cord causes caudal
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displacement of the cerebellar tonsils; while others believe a genetic link is more likely33, 58, 80-83.
Surgical treatment of TCS is less invasive than CM1, and in some patients with both conditions,
surgical correction of TCS has resulted in alleviation of clinical signs and even ascent of the
cerebellar tonsils has occurred58, 81, 84, 85. Additionally, Urbizu et al. summarized 31 genetic
conditions that coexist with CM1 including many diseases affecting the skeletal system75. Two
hereditary connective tissue disorders, Marfan Syndrome and Ehrlos Danlos syndrome, have
been described86-89. These connective tissue disorders cause excessive joint mobility and can
complicate surgical treatments and healing in CM1 patients. Furthermore, the coexistence of
these conditions with CM1 further supports a genetic basis for CM1 and points to a potential role
of collagen disruption in the etiology of CM1. The large list of comorbidities identified in CM1
patients further adds to the heterogeneity of this disease.

Treatment and Outcomes
Available treatments for CM1 include surgery and medical management, the choice of which is
determined by evaluating clinical presentation and imaging findings. There is general consensus
that symptomatic CM1 patients with or without SM are considered ideal surgical candidates and
that surgery is not warranted for asymptomatic CM1 patients without SM. However,
asymptomatic CM1 patients with SM are more controversial and surgical decisions vary among
clinicians21. In addition to surgical approaches, CM1 patients with or without SM can be
managed with various drugs to alleviate neuropathic pain including anticonvulsants, analgesics,
and antidepressants21.
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When surgery is deemed appropriate, the goal of surgery is to reduce compression of the PCF
and restore the normal flow of CSF. The most common surgical approach includes: partial
removal of the occipital bone to expose the cerebellar tonsils and removal of the lamina of the
first cervical vertebrae (C1). In severe cases of SM, a shunt may be placed to direct the fluid
from within the syrinx to outside of the central nervous system (i.e., abdominal cavity) or into
the subarachnoid space32, 90. There is considerable disagreement regarding opening of the dura
when decompressing the PCF, and performing a duraplasty, which in some cases includes
tonsillar resection. Several studies have compared the outcomes of extradural versus intradural
surgical approaches (including extra arachnoid and intra arachnoid duraplasty) for both adult and
pediatric cases91-94. Overall, success rates and reoperation rates are similar between the two
approaches; although there tends to be an increase in complications when the dura is opened92-94.
By contrast, SM resolution is improved in patients that had a duraplasty95. Other surgeon
dependent variations in surgical technique include the size of the craniectomy, whether a C2
laminectomy is performed, and the materials used to close the dura (cadaver graft, autologous
tissue, or synthetic grafts)32.

The main risks of PCF decompression include CSF leaks, cerebellar ptosis (descent) into the
decompression site, and cervical instability in patients with cervical vertebra 2 (C2)
laminectomies25, 32, 96-98. In addition, the failure rate of shunts is high99, 100. The overall mortality
rate of PCF decompression with or without duraplasty is estimated to be 1%92. The reported
success rates of PCF decompression are highly variable (33% - 100%) and are based on
resolution of SM and amelioration of symptoms23, 92, 101-103. Headaches are the most common
symptom to be reported as improved, postoperatively25, 32, 37. Approximately 90% of patients
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with CM1 and SM had resolution of their syrinx after PCF decompressions surgeries90, and the
use of duraplasty may improve these odds102. Less favorable surgical outcomes have been
associated with patients that have ataxia, muscle atrophy, nystagmus, and a long history of
symptoms (>24 months)37, 98.

Analyses of surgical outcomes are limited by the subjectivity in classifying improvements, lack
of standardized outcome measures, the retrospective nature of most studies, and clinician-bias
towards the type of treatment or surgical technique pursued. In 2012, the Chicago Chiari
Outcomes Scale was developed as a tool to mitigate the lack of standardization104 and to improve
the ability to draw conclusions and compare results between studies/institutions. There are 4
components of the tool including sections on pain, non-pain signs, return of function, and
complications104. External validation of this tool was performed, and although it was revealed
that the functional and non-pain portions of the tool were less reliable, the tool has been widely
implemented and useful in establishing consistency of reporting outcomes across institutions105109

.

In summary, CM1 with secondary SM is a debilitating and complex condition in people. The
disease is highly variable with regard to symptomatology, severity of symptoms, comorbidities,
treatment options, and outcomes. Furthermore, there is strong evidence that points to a hereditary
component of this disease, however, much remains to be understood with respect to the genetic
causes.
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Experimental Models of Chiari malformations and SM
Experimental models are useful for gaining insight into the pathophysiology of diseases,
identifying new targets for therapies, testing novel therapeutics, and even understanding the
genetic basis for diseases. Small animal models used (i.e., rodents) have proven an efficient
experimental model for studying human diseases because they have a short lifespan, are readily
accessible, and are affordable. In 1981, an experimental model of CM1 and CMII was
established by giving Vitamin A injections to hamsters on their 8th day of gestation110. This
model was useful in studying the skull changes associated with CM1/II including a reduced size
of the posterior fossa and shortened length of the basicranium110. Another hamster model of
Chiari malformation was incidentally found in a reovirus induced model of hydrocephaly111. A
surgically induced neural tube defect in chicks was used to monitor the presence and correlation
of Chiari-like changes in the caudal fossa; the results of which suggested CSF flow dynamics are
important for the development of CM1112. Similarly, other inducible models have been described
in the literature; however, most experimental Chiari models more closely resemble Chiari
Malformation Type II110, 111, 113. Experimental models of SM exist and include those that are
induced by chemical, physical, and surgical techniques and are associated with various
conditions including scoliosis and hydrocephalus114-119.

Only one experimental model has been developed for the coexistence of CM1 and SM120. This
rodent model transplants mammary cancer cells that are placed on the supraoccipital bone that
grow to form a space occupying mass in the caudal fossa120. In 60% of the rats treated, tonsillar
herniation was observed 8 - 14 weeks after introduction of the cancer cells120. Of those with
tonsillar herniation, there was evidence of dilation of the central canal of the spinal cord
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suggesting early development of SM120. The dynamics of CSF movement in this inducible
model were tested121 by injecting the lateral ventricles with a neuronal tracing solution for 24
hours. Subsequent histology of brain and spinal cord tissue revealed that CSF was transported
into the central canal of the spinal cord, as well as into ependymal cells and astrocytes121. While
this model provided interesting mechanistic insights into the development of SM, only 33% of
rodents treated with the transplanted cancer cells developed tonsillar herniation121.

Although inducible models of human diseases are useful in the pre-clinical setting, the
translational potential of these models is limited. Induced models are typically used in a tightly
regulated environment with a uniform population of organisms; whereas human disease is
extremely variable with regard to demographics, comorbidities, presence and extent of
morphology, symptomatology, and so on. Often, treatment success in small animal models of
disease fail to show the same effect in people, most likely due to the aforementioned
discrepancies122. Identifying large animal, naturally-occurring models of disease is critical for
bridging the gap between preclinical models of disease and human clinical trials; especially in
the case of extremely heterogeneous diseases like CM1 and SM.

The Canine Condition
Brief History of CKCS
While several dog breeds are affected by Chiari-like malformations (CM) and SM, the Cavalier
King Charles spaniel (CKCS) is by far the most overrepresented breed afflicted with these
conditions. The CKCS descended from the Toy Spaniel, a popular breed in the 16th century123.
The long-snouted Toy Spaniel was crossed with various brachycephalic breeds including the Pug
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and Japanese chin, which led to a smaller breed with a dome-shaped skull124. In an attempt to
rescue the “old” type Toy Spaniel with a longer muzzle, the CKCS breed was founded in the late
1920s125. The gene pool for establishing the CKCS breed was limited due to just six founding
dogs. The American Kennel Club (AKC) recognized the CKCS breed in 1995, the 140th
recognized breed123. According to the AKC, the CKCS is the 16th most popular dog breed based
on 2019 statistics (https://www.akc.org/expert-advice/dog-breeds/2020-popular-breeds-2019/).

The Canine Chiari Condition: Terminology, Prevalence, and Clinical Signs
Persistent scratching in CKCS was first described in the late 1990s126. In 2000, the first case
report of 7 CKCS with MRI confirmed foramen magnum crowding and SM was published127.
The condition in dogs most resembles CM1 in people because there is reduced volume in the
caudal fossa, crowding of the foramen magnum, and cerebellar herniation but there are
anatomical differences including the lack of cerebellar tonsils in dogs. For this reason, the
condition in dogs is termed “Chiari-like malformation (CM)”128. In the subsequent two decades,
veterinarian and owner awareness of CMSM has greatly increased, which has led to an increase
in MRI screening and diagnosis of these conditions in CKCS. Extensive MRI screening of
CKCS in many countries has revealed that CM is ubiquitous within the breed129. An estimated
70% of CKCS also suffer from SM130, 131. The most commonly reported clinical signs of CMSM
in CKCS are phantom scratching and neuropathic pain that is usually present around the head
and neck regions127, 132, 134. Other signs that are commonly observed include crying out in pain,
head shy behavior, spinal pain, collar/leash intolerance, reduced exercise, difficulty navigating
stairs, scoliosis, and even sleep disturbances127, 128. Neurological deficits are uncommon to rare,
but ataxia and/or paresis are possible. The frequency and severity of clinical signs in dogs is
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incredibly variable. Traditionally, it has been suggested that SM is the cause of clinical signs in
CKCS since CM is pervasive within the breed.

Morphometry Studies
Similar to the research done on people with CM1 and SM, several morphology studies have
investigated the skull133, 134, craniocervical junction, vertebral column, spinal cord, and brain
parenchyma135 in CKCS with CM136-142. A summary of these findings and their associations with
the presence of SM and clinical signs are shown in table 1. Figure 2 is an MRI of a severely
affected 2-year-old male and labels have been added to highlight some of the structures
described in table 2. More recently, machine learning techniques have been used to investigate
skull morphology and identify image-based markers of clinical signs in CKCS with CM1 and/or
SM143. Interestingly, the markers revealed for symptomatic dogs were distinct based on the
presence or absence of SM143. Finally, a CSF flow study revealed that increased velocity of CSF
at the foramen magnum coupled with decreased CSF flow at the second and third cervical disc
space (C2/3) was predictive of SM in CKCS144. Collectively, these studies emphasize the
complexity of the structural changes seen in dogs
with CMSM as well as highlight the similarities that are also seen in people with CM1 and SM.

While extensive morphometric changes are observed in CKCS with CM, there are
inconsistencies among these changes and the development of clinical signs and/or SM.
Furthermore, although the presence and dimensions of SM have been shown to correlate with
clinical signs in dogs145, many other studies have uncovered discrepancies130, 146-148. Much
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uncertainty still exists about the etiology of SM and clinical signs in dogs.

Table 1. Summary of morphometry studies done in CKCS with CM
Morphometric Finding in dogs with CM
Reduced volume of caudal fossa
Increased volume of caudal fossa brain
parenchyma
Early closure of skull base sutures
Atlanto occipital overlap
Dorsal Compressive Atlantoaxial Bands
Obex distance from foramen magnum
Medullary elevation
Stenotic Jugular foramen
Occipital Crest reduction
Reduced length of the skull base

References

Associated
with SM

139, 140
140, 142
133
138, 141
136, 141
137
137, 141
135
134
134

X
X
X
X
X
X

Associated
with clinical
signs
X

References for
similar findings in
CM1 patients
16 - 18
76
87

X
X
X

20
76
17 - 19
16, 18, 19

16

Figure 2. Midsagittal T2-weighted MRI of the brain and cranial cervical spinal cord in a 2-year-old male CKCS with CM and SM. The red circle
outlines the caudal fossa which is reduced in volume in CKCS. Reduction in the size and length of the supraoccipital (A) and basioccipital bones
(B) have been associated with CM. There is herniation of the cerebellum through the foramen magnum (C, white dashed line). Medullary
elevation is present (D) and mild compression of the spinal cord is seen as a result of a dorsal atlantoaxial band (E). The obex is the connection
between the caudal most point of the 4th ventricle and the start of the central canal of the spinal cord. The distance of the obex from the foramen
magnum is represented by line G and this distance has been shown to be associated with both SM and clinical sign

17
Etiology
Chiari-like malformation and SM are inherited conditions in CKCS. Much like people, it is
possible that SM can occur as a result of trauma and other disruptions in CSF flow; however,
there is little doubt that CMSM in CKCS is of genetic origin. Inheritance studies have been done
in CKCS and in Brussels Griffons, another breed commonly affected with CMSM131, 149,
150

. Comprehensive segregation and pedigree analyses are complicated by the fact that MRIs are

required to diagnose CMSM, which is costly and carries some risk since general anesthesia is
necessary. For these reasons, a large majority of CKCS are not screened for CMSM.
Additionally, CMSM is a disease that presents as a spectrum ranging from mild to severe clinical
signs; therefore, assigning a categorical (yes or no) phenotype for the purpose of linkage studies
is troublesome. Nonetheless, incomplete pedigree analyses found that CKCS with SM were
overrepresented in specific family lines and that all dogs affected with SM in this cohort were
traced back to 4 founder dogs150. The results of this study suggested that CMSM has a complex
mode of inheritance because the number of grandparents with lineage traced back to the 4
founder dogs was more predictive of SM than the lineages of the sire and dam alone150.
Furthermore, a high degree of inbreeding appears to correlate with increased clinical
manifestation of CMSM suggesting a more complex mode of inheritance131. The inheritance of
SM is complicated by the fact that one study found SM clear parents produced offspring with
SM as well as breeding parents with SM resulted in clear offspring151. These findings rule out
SM being caused by an autosomal recessive or dominant allele at a single locus.

Genetic studies have been performed in CKCS and Brussels Griffons dogs to identify candidate
loci associated with CMSM152, 153. In both studies, numerous skull measurements were taken and
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tested for their association with CM or SM152, 153. Then, the measurements that were associated
with CM or SM were used to perform a quantitative genome wide association study (GWAS).
Several loci were identified on chromosomes 2, 9, 12, 14, 15, 22, 24, 26 that were associated
with skull measurements152, 153. There were 3 candidate genes of interest that were highlighted as
a result of these studies: PCDH17, ZWINT, Sall-1152, 153. The PCHD17 gene is involved in cell
sorting and adhesion during development and is associated with dendritic spine morphology154;
ZWINT encodes a kinetochore protein that aids in appropriate chromosome segregation; and Sall1 gene is mutated in Townes-Brocks syndrome which is a condition that encompasses many
malformations including Chiari malformations152, 153. Thus far, genetic studies have employed
skull measurements for phenotypic characterization but several studies have shown that MRI
findings are not consistently aligned with clinical presentation. It is possible that CKCS, and
other breeds affected with CM and SM, have a defect in sensory and pain processing that
predisposes them to severe clinical signs, independent or in addition to their caudal fossa
anatomy. However, there have been no genetic studies that have used the presence and severity
of clinical signs for phenotypic characterization in dogs with CMSM.

Breeding guidelines have been established to help reduce the prevalence of SM in CKCS128, and
there is evidence that the guidelines are helping129, 155. Unfortunately, these guidelines are
optional and with the lack of a clear understanding of the inheritance of CMSM, coupled with
the high cost of MRIs, many breeders do not employ the guidelines. Furthermore, due to the
pervasiveness of CMSM in CKCS and the complex inheritance, simply eliminating dogs that
produce clinically evident CMSM from breeding programs will not necessarily eradicate the
disease. In fact, removing all symptomatic CMSM dogs would exacerbate the already narrow
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breeding pool and increase the risk for the development of other genetic disorders. There is a
desperate need for genetic tests that will predict phenotype in dogs with CMSM that will provide
breeders with more information to help reduce the widespread incidence in CKCS.

Treatment of CMSM in dogs
Treatment options in dogs and disparities among clinicians are comparable to treatment of CM1
and SM in people. In dogs, medical management of signs using antiepileptics, analgesics, and
proton pump inhibitors is commonly used as a first step for alleviating clinical signs. Medical
management has been shown to be useful in improving quality of life in CKCS156-158. However,
it is common for dogs to experience a ceiling effect with medications or a progression of disease
that requires an increase of dosages or changing drug protocols. In some severe cases, clinical
signs are not adequately alleviated with medications and a caudal fossa decompression can be
performed. Similar to surgical treatment in people, the procedure in dogs generally involves:
craniectomy of the occipital bone, partial laminectomy of the atlas, and in some cases a
durotomy is performed159-161. The surgical procedure may also include performing a
cranioplasty using titanium mesh or polymethylmethacrylate (PPMA) plate and some argue this
added step reduces the development of constrictive scar tissue159, 162. Unlike the results seen in
people, caudal fossa decompression does not cause a reduction in syrinx size in dogs160, 161. Data
is limited on the effectiveness of surgery in CKCS for a number of reasons: few studies have
been published on surgical outcomes, standardized outcome assessment tools are lacking, and
many veterinary neurologists use surgery as a last resort in treating these dogs. One study
reported that approximately 80% of dogs showed improvement postoperatively but then 47%
suffered a relapse of clinical signs anywhere from 2.5 months to 2 years after surgery161. While
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another study found that 94% of dogs showed improvement up to a year post-operatively, these
results were limited by lack of follow-up information in all dogs163. Overall, treatment options
for CKCS are inadequate as current drug options frequently fail to alleviate clinical signs and the
success rate of surgical treatment is marginal with a high incidence of relapse.

CKCS as a translational model of CM1 and SM
In general, large animal models are beneficial for bridging the gap between pre-clinical and
clinical studies. Phylogenetically speaking, dogs are much more closely related to people than
smaller-order animals like rodents. More specifically, with regards to CM and SM, the canine
and human conditions are strikingly similar (figure 3). Chiari-like malformations and SM in dogs
are spontaneous and naturally occurring, which better reflects the development of CM1 and SM
in people. The condition is widespread within the breed resulting in a readily available study
population. The heterogeneity of clinical signs is comparable among people and dogs as are the
various changes in skull morphology. Diagnosis and treatment options are paralleled, and both
dogs and peoples suffer from coexisting conditions alongside CM(1) and SM to complicate the
study of these conditions. Pain processing is likely more complex in dogs, compared to rodents,
and therefore more accurately reflects pain processing in people. Furthermore, psychological
effects presumed to be a consequence of pain have been captured in dogs with CM and SM
including avoidance behaviors, sleep disturbances, and even negative affect132, 164. These
observations further highlight the clinical complexity of dogs with CM and SM which closely
mirrors the experiences in people.
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In addition to similarities in disease presentation, dogs are a useful model for studying genetic
aspects of diseases. There are approximately 340 phenotypically distinct breeds which are unique
with respect to size, appearance, behavior, and susceptibility to naturally-occurring
diseases. The creation of dog breeds has happened over a relatively short period of time (100400 years) and involved excessive inbreeding using a small number of founder dogs leading to
considerably reduced genetic heterogeneity165, 166. Linkage disequilibrium, or the nonrandom
assortment of alleles, is more extensive within dog breeds compared to humans. In dogs,
haplotype blocks range from 0.5 to 1 Mb167 whereas haplotype blocks in people are typically
<100 kb168, 169. The large haplotype blocks in purebred dogs allows for more efficient mapping of
traits by association using fewer markers and individuals167, 170. It is estimated that only 20
normal and 20 affected dogs are needed to map a simple, highly penetrant recessive trait; and
100 normal and 100 affected dogs are needed to identify linked chromosomal regions in more
complex traits170, 171. Furthermore, the haplotype block and linkage disequilibrium decreases
dramatically when comparing across different breeds167, 170, 171, which facilitates subsequent fine
mapping of traits across different breeds with higher density SNPs. In summary, the reduced
genetic heterogeneity within dog breeds has provided a unique opportunity to better identify
genes that have proven elusive in human genetic studies; thus, providing robust translational
potential.

The usefulness of the canine CMSM model is not limited to applications for CM1 and SM in
people but also for diseases causing chronic neuropathic pain. While large animal models of
acute nociception and acute and chronic inflammatory pain have been reported, large animal
models of neuropathic pain are lacking122. Canine osteoarthritis and bone cancer models have
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been proposed as translational models to study pain pathways and mechanisms in disease for the
respective human conditions172-174. To the author’s knowledge, the canine CMSM model is the
first canine model of centrally mediated neuropathic pain.

There are limitations of the canine CM and SM model. The neuroanatomy in dogs is slightly
different than in people. The obex, the ending of the 4th ventricle, is patent in dogs and
communicates with the central canal of the spinal cord175. In people, the obex is typically closed,
not allowing communication between the 4th ventricle and central canal of the spinal cord29.
Dogs do not have cerebellar tonsils but people do. The length of tonsillar herniation, and even
shape and asymmetry of the cerebellar tonsils, is important for diagnosing CM1in people2, 3, 49,
176

. Although dogs do not have tonsils, we can still measure cerebellar herniation and cerebellum

asymmetry has been studied and identified in dogs but not yet in the context of CM177. Another
major difference in dogs and people is the difference in posture: quadrupedal vs bipedal stance.
The effect of gravity and CSF dynamics could be different among people and dogs with CM(1)
and SM. Lastly, characterization and quantification of pain in dogs, and animals in general, is
much more challenging than in humans who can verbalize their discomfort. In this regard, the
canine CM and SM model is similar to pediatric CM1 and SM where understanding pain in
children can be similarly difficult. The next section will briefly discuss neuropathic pain and the
challenges associated with identifying and quantifying pain in client-owned animals.
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Figure 3. Schematic representation of normal A) dog and B) human anatomy of the brain
and spinal cord. Similar changes in the neural parenchyma and spinal cord are seen in C)
dogs with CM and SM and D) people with CM1 and SM.
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Neuropathic Pain
Prevalence and Significance
The prevalence of neuropathic pain of any cause in the United States has been estimated to be
approximately 10%178, 179. The economic burden of neuropathic pain is profound, and in 2014, it
was estimated that medical costs were approximately $30,000 a year per patient15. These costs
are not inclusive of the burdens associated with the inability to work and the need for caretakers,
which are realities for many people suffering from neuropathic pain. Quality of life, sleep, and
mental health are also dramatically affected in people with neuropathic pain. Given the profound
impact of neuropathic pain on those affected by it, their loved ones, and the economy it is
imperative to find better ways to study conditions of neuropathic pain.

The Somatosensory System and Alterations due to Neuropathic Pain
Neuropathic pain has been defined by the International Association for the Study of Pain (IASP)
as the “...pain that arises as a direct consequence of a lesion or diseases affecting the
somatosensory system.” The somatosensory system is responsible for transmitting sensory inputs
to the brain for ultimate processing in the somatosensory cortex. This system is subdivided into
two distinct systems with distinct receptors cells and pathways to the cerebral cortex: one system
transmits mechanical information and the other carries pain and temperature stimulus signals.
Afferent sensory neurons (C fibers, Aδ fibers, or Aβ) are activated by stimuli and the information
is carried to the dorsal horn of the spinal cord. The superficial (dorsal horn) of the spinal cord is
divided into laminae that receive specific inputs. Nociceptive and pruriceptive inputs synapse
superficially on laminae I and II; whereas the deeper laminae receive mechanical stimuli inputs.
Further processing of the sensory signal occurs at the level of the spinal cord and then
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mechanical inputs (i.e., light touch, pressure, vibration) are transported to the brain through the
dorsal-column medial lemniscal pathway and pain and temperature inputs follow the
spinothalamic pathway. A slight difference in nociceptive pathways is seen in carnivores as they
have an additional pathway, that is vestigial in humans, that carries a portion of touch and pain
information known as the spinocervicothalamic tract175, 180, 181. The spinocervicothalamic tract
has lateral cervical nuclei in the first two cervical segments of the spinal cord that are involved in
signal transduction in carnivores. Information is relayed through ascending white matter tracts
(i.e., lateral funiculus) and synapses at various nuclei (i.e., lateral cervical nucleus) in the cervical
spinal cord, midbrain, and thalamus as the information ascends towards the cortex. In addition to
ascending pathways, there are descending pathways that modulate and inhibit ascending
projections. In fact, there are more descending projections than ascending projections in the
somatosensory system. At the center of this endogenous pain modulatory system is the
periaqueductal grey (PAG), which is a nucleus located in the midbrain. Neurons originating from
the PAG send projections to the medulla (raphe nuclei) and spinal cord (dorsal horn). These
neurons express opioid receptors and release endogenous neurotransmitters (i.e., Serotonin,
GABA) that inhibit or reduce the intensity of painful stimuli. Furthermore, they can block the
release of substance P, a neuropeptide associated with pain and inflammation.

Neuropathic pain can originate in the periphery or within the CNS. The pathophysiology of
neuropathic pain is extremely complex and not fully understood; but it is known that there is
sensitization of dorsal horn neurons (increase in density, receptors, and neurotransmitters),
decrease in inhibitory control, and changes in sensitization of peripheral sensory fibers182. The
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intricacies of the somatosensory system and the variability in alterations causing neuropathic
pain make it a difficult condition to identify and treat.

CM(1), SM, and neuropathic pain
Most of the literature on CM1 and SM in people suggests that SM is the main driver of
neuropathic pain signs. In both dogs and people, lateralized or deviated syrinxes have been
shown to correlate with the presence of neuropathic pain44, 45, 145, 183. Since SM forms in the
posterior horn (dorsal horn in dogs), an integral part of the somatosensory system, it makes sense
that obliteration of this area of the spinal cord might result in altered sensory function, including
the development of neuropathic pain. Interestingly, resolution of SM doesn’t reliably cause
amelioration of neuropathic pain in people43, 45, 46 and this perhaps suggests that SM causes
irreversible damage to the spinal cord. Alterations in substance P levels have been identified in
patients with SM, suggesting a role of SM in altered pain processing43, 184. Also, local
inflammation within the spinal cord as a result of SM may be implicated in the development of
neuropathic pain185. In addition to neuropathic pain, other sensory deficits occur in patients with
CM1 and SM. Sensory dysfunction is assessed by discussion with the patient and by performing
quantitative sensory threshold testing (QST). A complicated mixture of increased patientreported pain coupled with thermohypoesthesia and analgesia, determined by QST, have been
described186, 187. A study on patients with SM found that sensory deficits were not different
among patients with or without neuropathic pain but that the presence or absence of allodynia in
SM patients with spontaneous pain affected sensory outcomes188. Specifically, patients that only
had spontaneous pain had a greater degree of thermal sensory loss compared to patients with
spontaneous pain and allodynia188. These findings, along with the reported inconsistencies of
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SM and neuropathic pain, suggest that SM alone may not be responsible for neuropathic pain
signs in people.

In dogs, an attempt at differentiating clinical signs based on CM or SM has been investigated132.
While pain signs are common in dogs with CM irrespective of SM, phantom scratching was only
seen in dogs with a syrinx > 4 mm in diameter132. The phantom scratching in dogs is perplexing
and might be a manifestation of parasthesias that are described in people. Nalborczyk et. al.,
hypothesized that SM in the first 2 cervical segments may be important for the development of
scratching since these segments contain the lateral cervical nuclei189. However, they found that
few dogs have SM present in the first 2 cervical segments; yet, they identified an association in
dogs with phantom scratching and SM extending into the superficial dorsal horn of cervical
spinal cord segments 3 - 6189. A theory was postulated that damage to the dorsal horn of the
spinal cord could affect descending projections to a scratching central pattern generator, causing
a “fictive” type scratch189, 190. It’s also possible that as SM expands within the central canal, it
might preferentially disrupt deeper layers of the dorsal horn causing central disinhibition of pain
by affecting inhibitory GABA and glycine inputs191, 192. Elevations of Substance P and
interleukin-6 have been shown in CKCS with neuropathic pain, suggesting neurochemical and
inflammatory changes may be involved in the development of neuropathic pain193. Lastly,
machine learning has identified image-based biomarkers that can differentiate dogs with SM and
CM-only pain143. Anatomical, neurochemical, and inflammatory etiologies have all been
suggested for the development of neuropathic pain in both people and dogs with CM(1) and SM.
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Since dogs can’t verbalize their pain, identifying and quantifying pain in dogs is limited to owner
reports of clinical signs and observations made by clinicians in the hospital. Unfortunately, on
both accounts, there is a high level of subjectivity in documenting clinical signs of pain in dogs.

Rationale for this work
People with CM1, SM, and neuropathic pain experience profound physical, emotional, and
economical impairments. Animal models of these conditions are limited and the majority are
induced small-animal models that lack translational potential and clinical relevance. Dogs with
CM and SM represent a naturally-occurring that captures the heterogeneity of the conditions
seen in people. Furthermore, dog breeds have a unique genealogy that makes mapping traits of
disease more efficient than in people. Nevertheless, there are challenges that need to be
addressed to optimize the usefulness of the model. Primarily, we need better ways to identify and
quantify clinical signs in dogs with CM and SM with the goal of more clearly defining
phenotypes. Establishing better outcome measures will aid in the understanding of etiology of
clinical signs, allow for better ways to test the efficacy of novel therapeutics, and help to
standardize assessments of outcomes across different institutions. Furthermore, the discrepancies
between clinical signs and the presence of SM suggests that other mechanisms may be involved
and further investigation is warranted into mechanisms underlying the development of SM and
its clinical significance. Additionally, genetic analyses have relied on associations with SM but
due to the aforementioned discrepancies, it's imperative to perform genetic studies considering
clinical signs as the phenotype as well.
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In this body of work, we first set out to develop tools that would capture and quantify owner and
clinician-observed clinical signs of CMSM in dogs. The canine CMSM condition presents on a
spectrum from mild to severe clinical signs; thus, it is important to have tools that adequately
capture the variability within the disease. While characterizing the classical clinical signs of
disease in CKCS with CMSM, we frequently observed severe lumbosacral pain, an uncommonly
reported clinical sign in this population. This led us to investigate caudal spinal anomalies to
further describe and understand this phenotype and the relationship between clinical signs in
dogs with CM and SM. We subsequently used the various outcome measures to investigate the
genetic associations of clinical signs of CM and SM in dogs. The outlines for each chapter are
listed below. Overall, this work more broadly characterizes the canine CM and SM model with
the goal to help improve the lives of dogs and people suffering from CM, SM, and neuropathic
pain.

Chapter 2 - Questionnaire-based analysis of owner-reported scratching and pain signs in Cavalier
King Charles spaniels screened for Chiari-like malformation and syringomyelia. The aims were
to perform initial development of condition-specific clinical metrology instruments and compare
responses to neurological examination and MRI findings.

Chapter 3 - Investigation of sensory thresholds in Cavalier King Charles spaniels with and
without Chiari-like malformations and Syringomyelia. We aimed to quantify sensory deficits
using thermal and mechanical modalities in a cohort of CKCS with and without SM.
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Chapter 4 - Morphometric analysis of spinal cord termination in Cavalier King Charles spaniels.
The aims of this work were to compare the location of the end of the spinal cord in CKCS and
weight-matched breeds and to compare spinal cord termination to the presence of SM.

Chapter 5 - The association between the filum terminale and pain in Cavalier King Charles
spaniels with and without syringomyelia. The aims were to prospectively compare the
morphometry and morphology of the ending of the spinal cord, including the filum terminale, to
the presence of SM and clinical signs in CKCS.

Chapter 6 - Genomic analyses in Cavalier King Charles spaniels identify loci and signatures of
selection associated with clinicals signs of Chiari-like malformation and Syringomyelia. The aim
was to perform a combination of genome-wide association studies and selection pressure
analyses to identify genomic regions that are associated with clinical signs of CMSM in CKCS.

Chapter 7 - The overall conclusions, limitations, and future directions of this work are discussed.
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Questionnaire-based Analysis of Owner-reported Scratching
and Pain Signs in Cavalier King Charles Spaniels Screened for
Chiari-like Malformation and Syringomyelia
C.R. Sparks, S. Cerda-Gonzalez, E.H. Griffith, B.D.X. Lascelles, and N.J. Olby
Background: Chiari-like malformation (CM) and syringomyelia (SM) cause a pain syndrome in Cavalier King Charles
spaniels (CKCS). Clinical signs are not consistently apparent on neurologic examination, and owner reporting of signs provides vital clinical history. However, owner questionnaires for this disease are not well developed.
Objectives: To develop a tool to capture owner-reported clinical signs for use in clinical trials and to compare ownerreported signs with the presence of pain on neurologic examination and SM on magnetic resonance imaging (MRI).
Animals: Fifty client-owned CKCS.
Methods: Owners completed a questionnaire and pain/scratch map. Each dog underwent a neurologic examination and
craniocervical magnetic resonance imaging (MRI). Questionnaire responses were developed into scores, area of shading for
pain/scratch maps was measured, and consistency of responses between these tools was assessed. Owner-reported findings
were compared with neurologic examination findings and presence and severity of SM on MRI.
Results: Thirty-three dogs were symptomatic and 17 asymptomatic; 30 had SM. The most common sign of pain was crying out when lifted (n = 11). Extent of shaded areas on maps positively correlated with questionnaire scores for pain
(r2 = 0.213, P = 0.006) and scratch (r2 = 0.104, P = 0.089). Owner-reported findings were not significantly associated with
presence or severity of SM or neurologic examination findings. Owner-reported lateralization of signs was significantly associated with SM lateralization (P < 0.0001).
Conclusions: The questionnaire and maps may be useful for clinical trials. Lack of association of owner-reported signs
with SM highlights our lack of understanding of the pathophysiology of pain in this disease.
Key words: Neuropathic pain; Paresthesia; Phantom scratch; Syrinx.

C

avalier King Charles Spaniels (CKCS) have an
extremely high prevalence of Chiari-like malformations (CM) and syringomyelia (SM).1–5 Chiari-like malformation results in a brain and skull mismatch that
produces a relatively small caudal fossa with crowding
of the foramen magnum, and stenosis of cranial venous
sinuses and skull foraminae.1,6,7 These changes conspire
to produce turbulent flow of cerebrospinal fluid (CSF)
and development of SM within the cervical, thoracic,
and lumbar spinal cord.8 This condition of dogs has
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similarities to Chiari-type 1 malformation in humans,
characterized by caudal herniation of the cerebellar tonsils below the foramen magnum and also frequently
associated with SM.9 Clinical presentation in humans is
variable but manifestations of neuropathic pain dominate including headaches, neck pain, and burning sensations of the upper extremities.10
Characterizing the signs of CMSM in dogs is challenging because of the difficulty of inferring signs of
pain from behavior in dogs. Owners report that affected
dogs cry out in pain; exhibit phantom scratching of the
neck, flank, and ear (importantly, the paw does not
make contact with the skin), rub their face, neck, or
ear; and show other more insidious signs such as reluctance to play, jump, or lower their head to eat.11–13
Findings on neurologic examination include neck and
back pain, ability to induce phantom scratching, and, in
severely affected dogs, ataxia and paresis. Thus far,
studies have assigned a neurologic grade using the accumulation of data from questionnaires, history taking,
and neurologic examinations and have reported a
strong association between clinical signs and the presence and maximum diameter of SM.14–16 However, the
prevalence of apparently clinically normal CKCS with
SM remains high with reported percentages ranging
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Figure S1. Preliminary Questionnaire
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Figure S2. ChiMPS-M

PAIN MAP
Instructions: Please shade the following
diagrams to show the locations where
you have observed your dog to be painful
or sensitive.
Use the space below for further explanation of signs observed (if
needed).

Right Side

Left Side
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Figure S3. ChiMPS-T

1. On average, how frequently do you notice your dog scratching?
More than twice daily
Once or twice daily Once or twice a week

Not at all

2. Is the scratching, if present, precipitated or worsened by excitement, changes in temperature, play,
neck leads, or other contact with the neck? If yes, which of these things make a difference?
Yes
No
N/A
If yes, please list the factors influencing scratching:
3. Is the scratching, if present, primarily directed towards the neck and shoulder region?
Yes
No
N/A
If no, which region is more frequently scratched?
4. On average, how frequently do you notice your dog rubbing his/her face, neck, or side?
More than twice daily
Once or twice daily Once or twice a week Not at all
5. Has your dog had painful episodes or evidence of neck pain?
Yes
No
If yes, what is the frequency of these episodes?
More than twice daily
Once or twice daily Once or twice a week
How do they manifest and what brings them on?

Not at all

Please check all of the following signs of pain that you have observed:
Crying out when picked up Head shy Side pain Running away from pain
Neck pain Collar sensitivity Increased pain with exercise Woken by pain
6. If present, is the scratching, rubbing, and or pain focused on the left side, right side, or both sides of
your dog?
Left side only Mostly left side
Right side only Mostly right side
Both sides equally
N/A
7. Have you noticed your dog becoming less interactive/more reserved?
Yes
No
If yes, please describe the changes.
8. Ha e o no ed an change in o dog gai o abili
Yes
No
If yes, please describe the changes.

o climb ai

9. On a scale of 0- plea e a e o dog le el of discomfort related to pain. ( 0 no discomfort, 10
extreme discomfort). ________________
10. On a scale of 0- plea e a e o dog le el of discomfort related to scratching. (0 no discomfort,
10 extreme discomfort). _______________

Please list any additional information that you feel is important for us to know regarding your dog in the spaces
below:
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CHAPTER 5
The association between the filum terminale and pain in Cavalier King Charles spaniels
with and without syringomyelia
Sparks, CR; Woelfel, C; Robertson, I; Olby, NJ
Abstract
Background: Lumbar syringomyelia (SM), lumbosacral pain, and caudal spinal cord termination
have been reported in Cavalier King Charles spaniels (CKCS). Currently, data are lacking on the
clinical relevance of alterations in spinal cord terminal structures in CKCS.
Objectives: To compare spinal cord termination level and filum terminale internum length
(FTIL) with presence of lumbar SM and clinical signs in CKCS.
Animals: 48 CKCS
Methods: Prospective study. Owners completed questionnaires and dogs underwent neurological
examinations, with quantification of pain by palpation, and magnetic resonance imaging (MRI)
of the spinal cord. Vertebral level of spinal cord and dural sac termination, presence of SM, and
FTIL were documented from sagittal MRI sequences. Kappa and intraclass correlation (ICC)
analyses determined inter-observer reliability. MRI observations were compared to owner and
clinician-reported pain quantification.
Results: Inter-observer reliability was good for spinal cord and dural sac termination (kappa =
.61, .64 respectively) and excellent for FTIL (ICC: 92% agreement). The spinal cord terminated
at lumbar vertebrae 6 (L6) in 1, L7 in 31 and the sacrum in 15 dogs and was associated with
lumbar SM (P = .002) but not clinical signs. Mean FTIL was 2.9mm +/- 1.08; it was associated
with owner-reported pain (P = .033) and spinal palpation scores (P = .023). Painful CKCS
without SM had shorter FTIL compared to normal CKCS and painful CKCS with SM (P =
.025).

82
Conclusions: Short FTIL is associated with pain in CKCS without SM and location of spinal
cord termination is associated with development of lumbar SM.

Introduction
Cavalier King Charles spaniels (CKCS) suffer from Chiari-like malformation (CM) and
syringomyelia (SM) causing neuropathic pain and parasthesias of the head and neck region.
Syringomyelia was first noted in the cervical spinal cord using magnetic resonance imaging
(MRI) but more extensive imaging protocols demonstrate its presence in the thoracic and lumbar
spinal cord1-6. The etiology of clinical signs in CKCS with Chiari-like malformation with
syringomyelia (CMSM) is somewhat unclear. Many studies have demonstrated an association
between the presence and severity of SM with clinical signs7-10 . However, there is a high
prevalence of asymptomatic dogs with SM as well as symptomatic dogs that lack SM4, 5, 11-14.
These discrepancies have led authors to suggest that there are both CMSM and CM only pain
phenotypes in CKCS 4, 15, 16.

In addition to the classical clinical signs of CMSM, we have noted severe lumbosacral (LS) pain
in affected dogs. This finding, together with the presence of lumbar SM led us to investigate the
terminal structures of the spinal cord and we found that the spinal cord and dural sac terminate
more caudally in CKCS than other size matched breeds6 . In addition, location of termination of
these structures is associated with the presence of thoracolumbar (TL) SM6. However, we did not
investigate the clinical significance of this finding in this study.
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A subset of people with CM1 also suffer from a disorder known as tethered cord syndrome
(TCS) 17-25. This syndrome is the consequence of abnormal anchoring of the caudal end of the
spinal cord. The normal spinal cord tapers to a relatively elastic structure called the filum
terminale internum, composed of ependymal, pial and glial cells and surrounded by the
subarachnoid space and dural sac. Soon thereafter, the dural sac closes down onto the filum,
making a more fibrous tether, called the filum terminale externum. This structure fuses with the
periosteum of the caudal vertebrae, thus anchoring the meninges and spinal cord within the
vertebral canal26, 27. In patients with TCS, the attachment of the spinal cord is tight and they
suffer from back pain, numbness, ataxia, and shooting pain down their legs28-35. Diagnosis is
established using a combination of clinical findings, urodynamic studies, MRI and surgical
findings20, 30, 36.

Tethered cord syndrome has been described in the veterinary literature most commonly in
animals with coexisting anomalies such as spina bifida, but also in dogs with no other anomalies
37-44

. Our previous report of caudal spinal cord termination and presence of TL SM in CKCS, and

the findings of another study in which a 3-dimensional computer model suggested that TL SM
development in the canine spinal cord may be a consequence of spinal cord tethering led us to
propose that TCS may coexist with CMSM in CKCS6, 44. In this study, we hypothesized that
symptomatic CKCS with CM with or without SM would have a significantly more caudal
termination of their spinal cord than asymptomatic dogs. The aims of our study were firstly to
describe and compare the site of spinal cord and dural sac termination in symptomatic and
asymptomatic CKCS, and secondly to quantify and compare the length of the filum terminale
internum between these two groups of dogs.
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Materials and Methods
Dogs
Clinically affected and normal client-owned CKCS were prospectively recruited to North
Carolina State University (NCSU) Veterinary Hospital. Inclusion criteria required dogs to be >
11 months of age and healthy enough for general anesthesia. Physical examinations on the day of
anesthesia and laboratory findings (complete blood cell count (CBC) and serum biochemistry
profiles) performed within 2 weeks of anesthesia were used to determine health status. Dogs
with comorbidities described by owners, identified on examination, or noted in patient records
that could cause pain or scratching unrelated to CMSM, including osteoarthritis and allergic skin
disease, were excluded from the study. Owners reviewed and signed informed consent forms and
all procedures were approved by NCSU Animal Use and Care Committee (IACUC protocol
number 18-163-O).

Phenotypic evaluation
All dogs underwent neurological examinations, and pain elicited by spinal palpation was
recorded as well as presence of scratching during the examination. Spinal pain was identified and
recorded using categorical (presence of pain – yes or no) and ordinal assessments. Two authors
(NJO, CRS) evaluated each dog prior to the MRI and agreed upon palpation scores. Evaluations
were separated by at least 15 minutes. Palpation scores for each anatomical location (cervical,
TL, and lumbosacral) were assigned a value between 0 and 3 (Table 1). Ordinal pain scores for
the cervical, TL, and lumbosacral spinal were summed to create a combined palpation score.
Owners completed a previously developed clinical metrology instrument (CMI), the Chiari-like
malformation pain and scratch tool (ChiMPS-T)4. ChiMPS-T responses were converted into
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ordinal scores that capture frequency and severity of scratch and pain (Total scratch score, TSS;
Total pain score, TPS).

Table 1. Criteria used to assign palpation scores for the cervical, thoracolumbar, and lumbosacral
spine.
Palpation

Description

Score
0

No pain

1

Mild pain - epaxial muscle tensing on palpation

1.5

Mild to moderate pain - epaxial muscle contraction and mild flinching

2

Moderate pain - muscle contraction and flinching, crouching

2.5

Moderate to severe pain - moves away from pressure, looking around

3

Severe pain - cries out, jumps away, tries to bite

MRI protocol
All dogs were anesthetized and monitored using routine procedures. A 3.0 Tesla unit (Siemens
Medical Solutions USA, Inc, Malvern, Pennsylvania) was used to evaluate the entire length of
the spinal cord with dogs placed in sternal recumbency with their necks extended. Acquired
sequences included T2-weighted sagittal and transverse as well as proton density (PD) transverse
images of the brain and cervical spine, T2-weighted sagittal and transverse images of the
thoracolumbar and lumbosacral spine including transverse sequences through the conus
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medullaris, and sagittal half-Fourier acquisition single-shot turbo spin echo (HASTE) sequences
of the TL and lumbosacral spinal cord.

MRI analysis
All images were evaluated by 1 of the authors (CRS). Twenty-percent of the cases were
reviewed by another author (CW) to determine inter-rater reliability. Patient name, history, and
examination findings were masked at the time of image review. Images were viewed using
eUnity software (Version 6.3.0.1.4, Client Outlook Inc, Waterloo, Ontario). They were reviewed
for sufficient image quality and appropriate sequences and were excluded if there were
extradural lesions caudal to the second lumbar vertebra (L2) that completely interrupted the
HASTE signal and could potentially impact spinal cord termination. The vertebral level of
spinal cord termination was determined using T2-weighted mid-sagittal images and was
identified as the point at which the spinal cord was no longer tapering6, 45. The termination site
was recorded as the vertebral level (e.g. L7). The HASTE sequences and corresponding T2weighted sagittal images were used to determine the vertebral level of dural sac termination6.
Images were viewed in a side-by-side manner and the ending of the brightest HASTE signal was
selected using the triangulation tool and the corresponding vertebral location was identified on
T2-weighted sagittal views. Termination sites were recorded in the same manner as for spinal
cord termination. For termination sites that occurred over a disc space, the more cranial vertebra
was recorded (eg, L6/L7 disc space was recorded as L6). The filum terminale internum length
(FTIL) was measured as the distance from the end of the spinal cord to the end of the dural sac
using sagittal HASTE sequences (Figure 1). The FTIL was divided by the length of second
lumbar vertebra to account for dog size46. The FTIL could not be measured if images did not
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extend beyond the sacrum. If the HASTE signal continued beyond the end of the image in the
caudal vertebrae, the measurement was obtained using the end of the image as the end point for
the measurement. The presence and maximum diameter of SM, defined as linear hyperintensity
greater than 2mm in diameter, in the cervical, thoracic, and lumbar spinal cord was measured
using T2-weighted sagittal and transverse views.

Figure 1. Determination of filum terminale internum length (FTIL) using HASTE
sequences. Panel A demonstrates a straight-line measurement from the end of the
conus (hypointense signal) to the end of the dural sac (bright hyperintense signal).
Panel B demonstrates the length measurements using multiple straight-line
measurements
due to the angle of the lumbosacral junction.
Statistical
Analysis
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Analyses were performed using JMP (JMP Pro 14.1.0, SAS, Cary, North Carolina) and R Studio
(Version 1.1.456). Summary statistics were generated for the TSS and TPS, combined palpation
scores, spinal cord and dural sac termination sites, FTIL, and the presence, location, and
maximum diameter of SM. A Shapiro-Wilk W test was used to assess the normality of
continuous data (termination distance and maximum diameter of SM). Normally distributed data
were reported using mean and standard deviation; median and range values were used to describe
non-normal data.

A reliability standard for ChiMPS-T responses was developed to account for owners that may be
overexaggerating or underreporting pain in their dogs compared to combined palpation scores.
Exclusion of scores required an extreme discrepancy between TPS and palpation scores: 1) TPS
> 13 points above combined palpation scores or 2) combined palpation score > 7 points higher
than TPS. Both cutoff values, 13 for TPS and 7 for combined palpation score, reflect severe pain
for each scale.

Inter-observer reliability for the location of spinal cord and dural sac termination was determined
by Kappa analysis. Intraclass correlation coefficient was calculated for inter-rater reliability
determination for FTIL measurements. Our first objective was to compare spinal cord
termination morphometry to owner and clinician-reported clinical signs. To do this, Wilcoxon
rank sum tests were used to compare spinal cord and dural sac termination sites to TPS, TSS, and
combined palpation scores. Linear regression was used to compare FTIL to TPS, TSS, and
combined palpation scores. Next, we compared termination sites and FTIL to the presence of
lumbar SM using chi-square tests for association and logistic regression, respectively. Lastly, we
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placed dogs into groups based on the presence of SM and owner-reported clinical signs. The 4
phenotypes were as follows: normal dogs, asymptomatic dogs with SM, symptomatic dogs
without SM (CM-pain dogs), and symptomatic dogs with SM (CMSM-pain dogs). We then
compared FTIL (logistic regression) across all 4 phenotypes. For all chi-square tests for
association, Fisher’s exact tests were used when there were <5 observations in a category. HolmBonferonni method was used to correct for multiple comparisons. A P value of <.05 was
considered statistically significant.

Results
Fifty dogs were enrolled but two dogs were removed from the study due to comorbidities
(Degenerative Myelopathy and intervertebral disc disease (IVDD)). Participation in this study
was voluntary, and therefore, the population was not considered random including
predominantly owners of affected dogs and breeders screening their breeding dogs. Forty-eight
dogs were analyzed, missing data is detailed in Table 2. The median age of dogs in this study
was 3 years (range 11 months to 12 years). There were 17 females, 12 spayed females, 6 males,
and 13 neutered males. Of the 48 dogs, 20 (42%) were reported to be painful by the owner and
30 (63%) were painful on palpation. Summary statistics for TPS, TSS and combined palpation
scores are shown in Table 3.
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Table 2. Missing data for study parameters.
Variable
ChiMPS-T

No analysed
45

No excluded
3

Spinal Cord
Termination
Dural Sac
Termination
FTIL

47

1

Reason
Owner non-compliance n=2
Failure to meet reliability criteria n=1
Inadequate image quality

47

1

Inadequate image quality

46

2

Truncation of images at sacrum

Table 3. Summary statistics for owner-reported clinical signs and combined palpation scores.
Syringomyelia
Whole Cohort
(n = 48)
Combined
Palpation Score
(median, range)
TPS (median,
range)
TSS (median,
range)

Symptomatic per Owner

3.75, 0–9

Yes
(n = 25)
4.5, 0.5–8

No
(n = 23)
3, 0–9

Yes
(n = 29)
5, 0.5–9

No
(n = 19)
2, 0–7

2, 0–16

2.25, 0–15.5

0, 0–16

4.75, 0–16

0, 0 -2

3, 0–14

7.75, 0–14

2, 0–12

9, 1–14

0, 0–3

Twenty-three/48 dogs (48%) did not have SM, 2 dogs had cervical SM only (4%), 1 dog had TL
SM only (2%), and 22 dogs had both cervical and TL SM (46%). The cohort consisted of 16
(33%) normal dogs, 12 (25%) asymptomatic dogs with SM, 7 (15%) symptomatic dogs without
SM (CM-pain), and 13 (27%) symptomatic dogs with SM.

Kappa analysis revealed good inter-observer agreement with a kappa value of .61 for spinal cord
termination and .64 for dural sac termination. Inter-observer agreement for the FTIL, determined
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using intraclass correlation coefficient, was .92. One/47 (2%) dogs spinal cord terminated at L6,
31/47 (66%) at L7, and 15/47 (32%) in the sacrum. Dural sac termination occurred at L7 in 3/47
(6%), the sacrum in 24/47 (51%) dogs, and caudal vertebrae in 20/47 (43%) dogs with
continuation of the signal beyond the end of imaging of the caudal vertebrae in 4 dogs. The FTIL
measurements were normally distributed with a mean of 2.91 mm +/- 1.08 mm.

Figure 2. Scatterplots of the correlation among FTIL and A) Total Scratch Score
(TSS) (P = .79), B) Total Pain Score (TPS) (Padj = .034), and C) combined
palpation score (Padj = .015). The blue line reflects the linear fit of the data and the
light blue shaded region is the 95% confidence region for the fitted line.

92

Figure 3. A) Spinal cord and B) dural sac termination in
CKCS with and without lumbar SM. Each stacked bar shows
the relative count for each group terminating at every
vertebral level. L6, lumbar vertebrae 6; L7, lumbar vertebrae
7; S, sacrum; Cd, caudal vertebrae.

93
Level of spinal cord termination did not correlate with TPS (P = .55), TSS (P = .37), or
combined palpation scores (P = .20). Similarly, dural sac termination was not correlated with
TPS (Padj = .11), TSS (Padj = .31) and combined palpation scores (Padj = .31). However, FTIL
correlated with TPS (Padj = .033) and combined palpation score (Padj = .023; Figure 2) but not
TSS (P = .31; Figure 2). Next, we investigated the relationship between the ending of the spinal
cord and presence of SM. We found that the presence of lumbar SM (Padj = .002) correlated with
spinal cord termination but not dural sac termination (Padj = .41; Figure 3). The FTIL
measurement did not correlate with the presence (P = .21) of lumbar SM. Finally, when dogs
were grouped by presence of signs and SM, symptomatic CKCS without SM had a significantly
shorter FTIL than normal dogs as well as symptomatic and asymptomatic dogs with SM (P =
.025; Figure 4).

Figure 4. Box plots showing FTIL measurements for normal
CKCS, asymptomatic dogs with SM, painful dogs without SM
(CM-pain), and painful dogs with SM. The horizontal line within
the boxplot represents the median, the ends of the box represent
the interquartile range, the upper and lower whisker extend 1.5 x
interquartile range from the top and bottom of the box.*P = .025
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Discussion
In this study, we compared the location of spinal cord and dural sac termination and the FTIL
with the presence of clinical signs and SM in CKCS. The locations of spinal cord and dural sac
termination were not related to clinical signs: pain or scratch. However, FTIL was associated
with both owner-reported pain (TPS) and spinal pain assessed by palpation. Location of spinal
cord termination showed a significant relationship with presence of lumbar SM, confirming the
findings of our previous study6. Dural sac termination and FTIL did not correlate with the
presence of SM. Importantly, scratch was not associated with any morphometric features of the
terminating spinal cord and filum terminale. Lastly, symptomatic dogs without SM (CM pain
dogs) had a shorter FTIL than symptomatic CMSM dogs and asymptomatic dogs.

In previous work, we found that TL but not cervical SM was significantly associated with the
location of dural sac termination in CKCS6 . In the current study, we were unable to draw
statistical comparisons for dogs with cervical SM only because only 2/25 dogs (8%) had cervical
SM only. In the current study, dural sac termination appeared to be located more caudally in
dogs with lumbar SM but this relationship was not significant (Figure 2). By contrast, spinal
cord termination site was significantly more caudal in dogs with lumbar SM in this cohort of
CKCS confirming the findings of the previous study, and suggesting that this is a robust
observation. Furthermore, a recent study demonstrated that conus medullaris position, not dural
sac position, is dependent on size in dogs45. The study reported that the most commonly
observed conus medullaris termination in dogs weighing 5 – 10 kgs is cranial L7 and the dural
sac terminated in the cranial sacrum for all sizes most frequently. In comparison, approximately
32% of CKCS in this cohort had their spinal cord ending in the sacrum and 43% had dural sac
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termination in the caudal vertebra. These findings further corroborate the finding of our previous
study that CKCS have a more caudal spinal cord termination when compared to size matched
dogs of other breeds.

Filum terminale internum length was measured based on authors observing considerable
variation in this distance across the cohort of CKCS being evaluated. The distance was easily and
reliably measured, as reflected by 92% agreement among observers. Dogs with a shorter FTIL
displayed considerably higher pain scores that were reported in 2 independent manners: from
owners and observations in the clinic that were recorded prior to the MRI procedure. The
shortened FTIL reflects a rapid closure of the subarachnoid space altering the normal structure.
A human cadaver study demonstrated that the filum terminale internum is incredibly elastic and
has a greater capacity to withstand strain than the conus medullaris and filum terminal
externum47. A tight filum terminale has been extensively described as a cause of tethered spinal
cord in people21, 22, 29, 47, 48. It is possible that the shortening of the filum terminale internum in
these dogs is resulting in altered mechanical properties and stresses on the spinal cord and
meninges.

An important finding of this study is the observation that symptomatic dogs with and without
SM could be differentiated based on their FTIL. Several studies have described the relationship
between SM and clinical signs; however, there is an increasing body of work that highlights the
prevalence of asymptomatic dogs with SM and those that have classical clinical signs but lack
SM, CM-pain dogs4, 5, 7, 11-13, 15. There are limited studies reporting differences in CKCS with
clinical signs of pain with and without SM. A skull morphometric study, using machine learning,
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revealed skull changes associated with SM development and CM pain49. While skull
abnormalities are likely to cause pain of the head and neck, it is less likely that these skull
changes also cause lumbosacral pain. Our work highlights alterations in the filum terminale as
another possible contributing factor to development of diffuse spinal pain.

Diagnosis of TCS in people, in the absence of other spinal anomalies, relies on clinical
presentation, urodynamic profiles, and MRI findings. The most common MRI findings in people
with TCS are a low-lying conus medullaris and a thickened filum terminale30, 34, 36. However,
another form of TCS, albeit controversial, has been described whereby symptoms are consistent
with TCS but the conus medullaris is located in a normal position and is referred to as occult
tethered cord syndrome (OTCS)50, 51. In some cases of OCTS, the main presenting complaint is
lower back pain48, 52. Although the decision to operate on patients with OTCS is contentious53,
many studies have shown postoperative improvements in pain and urodynamic and bowel
dysfunction48, 52, 54. Furthermore, the coexistence of TCS and Chiari-type 1 malformation has
been discussed17-23. Traction-based theories have been hypothesized as the mechanism to explain
CM1 occurring alongside TCS21, 22, 30, 55-58. A genetic basis has also been described18, 20, 59.

Tethered spinal cord has been reported in the veterinary literature, most commonly in animals
with coexisting anomalies39-43. One case report identified a dog with paraparesis, lumbosacral
pain, paraparesis, and lameness to have subtle MRI findings of a caudodorsal displaced conus
medullaris38. Surgical exploration revealed caudal traction of the conus medullaris and a
thickened filum terminale38. The MRI findings in the aforementioned case were mild; yet the
clinical presentation was consistent with TCS. The correlation of decreased FTIL to presence of
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spinal pain in the current study may reflect a tight, and possibly, thickened filum terminale that
more closely mirrors the occult form of TCS in people. As a consequence of tension on the
caudal spinal cord, there is reduced blood flow and regional hypoxemia develops as well as
compression of nerve roots. In addition, CKCS with CM-pain clearly have alterations in their
cranial development49, but it is plausible that these changes, combined with altered biomechanics
within the filum terminale combine to produce spinal pain. The lack of correlation between
caudal spinal cord morphology and scratch suggests the role of TCS in phantom scratch is
nonexistent. Perhaps this is not surprising with the recent postulation of syrinx damage causing
disinhibition of descending projections to scratching central pattern generators60.

There were limitations to this work including the unavoidably subjective nature of pain
assessment by owners and by the investigators. Our cohort was mostly compiled of pet owners
with affected dogs and breeders with asymptomatic dogs. The authors recognize the different
biases associated with these distinct groups of owners. To account for under and over reporting
of clinical signs, we developed a reliability standard for owner questionnaires. The reliability
standard allowed comparison of owner reported scores to combined palpation scores, and while
these palpation scores are arguably subjective, they lack the owner/breeder related biases. To
reduce subjectivity, the combined palpation scores were agreed upon by 2 authors palpating each
dog independently and all observations were made prior to the MRI procedure to avoid bias.
Using our reliability standard, only 1 ChiMPS-T score was removed from analysis. This owner
described incredibly severe pain whereas the dog showed minimal discomfort in the hospital on
multiple visits. Nonetheless, this discrepancy highlights the occasional pitfalls in owner-
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reporting of clinical signs and the need to incorporate standards against which to compare their
responses to in clinical trials.

Another pitfall of this work is the difficulty in differentiating structures on MRI. As was
mentioned in our previous work, the dural sac ending that was identified using HASTE signal
was variable with either an abrupt ending, a trailing off signal, or an interruption and
reappearance of hyperintense signal6. To account for this, we deemed the ending of the dural sac
as the termination of the brightest HASTE signal and this was also applied for our FTIL
observations. In rare cases (n = 4) the HASTE signal was still present in the caudal vertebra and
extended beyond the image window. In these cases, we are most likely underestimating the
FTIL. Of the 4 images with extended HASTE signal, 2 dogs were painful and 2 were not. Thus,
we do not believe this finding had a significant effect on our results but must be considered for
future use of this measurement. We used transverse sequences in combination with sagittal
images to determine the end of the spinal cord, but found that the sagittal sequences alone
demonstrated the site at which the spinal cord stopped tapering adequately, as described by
others45. Interobserver reliability was good (kappa = 0.61) using sagittal scoring methods.

In summary, the purpose of this work was to determine if caudal spinal abnormalities in CKCS
were associated with clinical signs of pain and scratch. We disproved our hypothesis that a more
caudal location of spinal cord termination would be associated with clinical signs. However, we
found that FTIL is associated with pain, not scratch, and our work supported previous findings
that the vertebral level of the spinal cord termination is associated with the lumbar SM. In
addition, we found that painful dogs without SM were differentiated from other phenotypes by a
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decreased FTIL. These findings show that location of the filum terminale is associated with
development of lumbar SM and FTIL is associated with spinal pain in CKCS. Future work is
warranted to characterize other caudal clinical and functional abnormalities, potentially through
the use of gait analysis and electrophysiological evaluation of the conus medullaris and
urodynamic studies in these dogs. Also, due to limited time and financial restrictions we were
unable to perform dynamic view MRIs on this cohort of dogs. Additional work to compare FTIL
and termination sites with dynamic view MRIs would be beneficial to further investigate TCS in
CKCS. Finally, exploratory surgery in dogs with severe LS pain, decreased FTIL, and caudal
termination sites may be warranted.
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CHAPTER 6
Genomic analyses in Cavalier King Charles spaniels identify loci and signatures of
selection associated with clinicals signs of Chiari-like malformation and Syringomyelia.
Sparks, CR; Williams, B; Friedenberg, S; Minor, K; Olby, NJ
Abstract
Background: Chiari-like malformations (CM) and syringomyelia (SM) are highly prevalent
conditions in Cavalier King Charles spaniels (CKCS) leading to variable clinical manifestations.
Association studies have identified loci associated with SM but clinical signs have yet to be
explored.
Objectives: A) Perform genome-wide association studies (GWAS) on CKCS using SM and
clinical sign phenotypes. B) Investigate selection pressure in identified regions. C) Use whole
genome sequencing (WGS) to identify variants in regions of interest.
Methods: We collected DNA on 174 CKCS. Owners completed questionnaires and magnetic
resonance imaging (MRI) was used to identify SM. DNA was extracted and dogs were
genotyped using the Axiom K9 HD array. GWAS were performed using GEMMA and
categorical and quantitative approaches were used to define phenotypes. Selection pressure was
analyzed using hapFLK methods and WGS data on 21 CKCS and 501 control dogs allowed for
identification of variants in regions of interest.
Results: There were no significant regions associated with SM. The presence of clinical signs
was associated with a genomic region on chromosome 26 that included ZWINT, which has been
previously associated with skull changes in CKCS with SM. Loci were associated with
quantitative pain (chromosome 13) and scratch scores (chromosomes 2 and 38). Artificial
selection for CKCS was found in all regions of interest. There were high impact frameshift
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variants in 3 genes affecting neural plasticity: KCTD8, Profilin-1, and SUSD4. The strongest
region of interest contains KCTD8, which is involved in GABA receptor function.
Conclusions: We identified 4 loci on chromosomes 2, 13, 26, and 38 that were individually
associated with the presence or severity of clinical signs. No significant regions were associated
with SM. This work highlights the importance of defining phenotypes using clinical presentation
and paves the way for identification of genetic factors causing pain and itch.

Introduction
Cavalier King Charles spaniels (CKCS) commonly suffer from Chiari-like Malformation and
Syringomyelia (CMSM) that can cause neuropathic pain and itch. From birth, CKCS have an
abnormal skull development that renders the caudal fossa inadequate in volume to house the
cerebellum and brainstem. This mismatch in size leads to crowding of the cerebellum at the
foramen magnum and alterations in cerebrospinal fluid (CSF) flow. As a consequence of altered
CSF dynamics, syringomyelia can develop within the spinal cord.

The inheritance of CMSM has been studied in CKCS and has been shown to be complex1-3.
Heritability of SM has been reported as moderate and breeding guidelines have been shown to
reduce prevalence1, 4-6. Genome-wide association studies (GWAS) have been an extremely
successful tool for identifying simple, highly penetrant traits7. In addition, they are commonly
used to investigate complex disorders and have been used to identify genes associated with
brachycephaly8. The GWAS technique compares individuals with and without a disease or trait
and identifies significant differences across their genomes. Specifically, this approach maps a
disease or trait to a chromosome region by quantifying the association between single nucleotide
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polymorphisms (snps) and the trait. Previous work, using GWAS methods, identified snps on
chromosomes 15, 22, and 26 that were associated with skull measurements that are correlated to
SM9. Similarly, snps were identified on chromosomes 2, 9, 12, 14, 24 that were associated with
skull measurements and CM in another breed commonly affected by CMSM, Brussels
Griffons10. These studies highlight the feasibility of GWAS to identify candidate loci in dogs
with CMSM.

Within dog breeds, genetic diversity is greatly reduced due to selective breeding for breedspecific traits (ie coat color, body size). Additionally, the prevalence of CMSM in CKCS is high
with an estimated 99% of CKCS affected by CM11, and of those with CM an estimated 70%12-14
also have SM. Because of this, it is possible that genetic mutations may be fixed within the
breed, making case/control GWAS approaches challenging. Therefore, evaluation of selection
pressure may be useful in identifying regions and genes that may cause disease for conditions
that tend to cluster within the breed. Searching for signatures of selection can help complement
GWAS by identifying and confirming regions and variants that occur at a high frequency within
the breed.

Another challenge in studying CMSM in CKCS stems from the fact that there is often
incongruity between clinical signs and MRI findings. Numerous studies have reported a high
incidence of asymptomatic dogs with SM as well as those with classical clinical signs and no
SM11, 13-16. Genetic approaches for studying CMSM in dogs have used MRI parameters as the
phenotype; but, the presence and severity of clinical signs have not been used to define
phenotypes thus far. Given the lack of correlation between clinical signs and imaging findings,
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we were interested in mapping the clinical phenotype as well as the presence of SM. The purpose
of the current study was to use GWAS and selection pressure techniques to identify genomic
regions that are associated with clinical signs of pain and itch and presence of SM in CKCS.

Materials & Methods
Dogs and sample collection
Clinically normal and affected CKCS were recruited through advertisements on North Carolina
State’s Veterinary Hospital (NC State VH) webpage, nationally and internationally by referral
from veterinary general practitioners and neurologists, and from dogs being seen through NC
State VH. Study involvement required digital copies of MRIs of the cervical spine and
brainstem at minimum, DNA sample (blood or saliva), and completion of questionnaires by
owners. These included a health questionnaire on the dogs’ medical history and clinical
metrology instruments (CMIs) to quantify pain and scratch. Medical records were reviewed and
the dogs were examined by the investigators wherever possible, however, this was not a
requirement of the study. Whole blood or saliva samples were collected on all dogs. Extraction
of DNA was performed from whole blood using QIAamp DNA Blood Midi Kit (Qiagen;
Valencia, CA), and from saliva using QIAamp DNA Mini Kit (Qiagen; Valencia, CA). A
NanoDrop 2000 spectrophotometer (Thermo Scientific; Wilmington, DE) was used to measure
DNA concentrations. Informed consent was read and approved by owners and all procedures
were approved by NCSU’s Institutional Animal Care and Use Committee.
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Phenotype quantification
Syringomyelia
Magnetic resonance images (MRI) were reviewed to ensure that there was no other possible
cause of clinical signs. Horos Medical Imaging Software (Open Source Software,
https://horosproject.org) and eUnity software (Version 6.3.0.1.4, Client Outlook Ink, Waterloo,
Ontario) were used to evaluate images in Digital Imaging and Communication (DICOM) format.
The presence of SM was determined using T2-sagittal images of the cervical spinal cord. Dogs
with linear T2 hyperintense signal measuring more than 2mm in diameter were diagnosed with
SM. The SM phenotype was recorded as unknown for dogs with inadequate images or poor
image quality.

Presence and severity of clinical signs
The presence of clinical signs was determined by collecting a detailed history and owners
completed a disease-specific clinical metrology instrument, the Chiari-like malformation pain
and scratch tool (ChiMPS-T)15. Responses were developed into scores reflecting scratch and pain
(total scratch score (TSS), total pain score (TPS)), and a combination score (TSS + TPS).
Clinical status was recorded categorically as the presence of clinical signs (yes or no) and using
ordinal data to quantify severity of clinical signs (TSS, TPS, and combined scores). For the
categorical assignment of affected phenotype, a combined score (TSS +TPS) > 3 was used to
classify a dog as symptomatic. Dogs with comorbidities that could cause pain or scratch were
recorded as unknown for the symptomatic phenotype.

110
Genotyping and Data Analysis
One cohort of 96 and another group of 79 CKCS were genotyped using the Applied Biosystems
Axiom K9 HD (710,000 snps) array (Thermo Fisher Scientific, Santa Clara, CA). The assays
were performed by Thermo Fisher Scientific according to the manufacturer's instructions and
files were returned as VCF, CEL, and ARR files to be viewed in Axiom Analysis Suite Software.
The genotype data for both cohorts were regenerated and merged to ensure genotyping
consistency using Axiom Analysis Suite software and PED and MAP files were generated. The
merged genotypes were pruned using PLINK (Version v1.90b6.9) whereby data were removed if
minor allele frequency was less than 95%, snp genotyping rate was less than 90%, individual
genotype data was less than 90%, and if markers failed the Hardy-Weinberg test at the P = .005
level. A sex check test was performed in PLINK as a quality control measure. Next, GEMMA
(version 0.98) was used to fit a univariate linear model and perform case/control association
studies while accounting for population structure and stratification17. A centered relatedness
matrix was generated (-gk 2), eigen decomposition was performed on the relatedness matrix (eigen), and likelihood ratio tests were performed (-lm 2) to account for population
structure. Age was included as a covariate for all analyses. GWAS were performed using SM
(yes or no) and clinical signs (presence: yes or no; severity: TSS, TPS, combined score)
phenotypes.

Selection Pressure Analysis
The hapFLK statistic was used to identify signatures of selection in the CKCS breed. Whole
genome sequencing data from 11 breeds were used. We chose breeds that were diverse and
represented all dog clades. A whole genome population tree and kinship matrix were generated
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based on calculated Reynold’s genetic distances between breeds18. The number of haplotype
clusters was set to 15 and 10 expected maximization iterations were averaged to calculate the
hapFLK statistic. The hapFLK values were converted into P-values based on a chi-square
distribution as described previously18. These P-values were used to compute local Reynolds
distances and create local population trees to identify selected populations within regions of
interest. Local Reynolds distance matrices were created for snp and haplotype clusters and were
used to build local snp and haplotype trees. This process was repeated for all significant regions
of interest that were identified by our GWAS approaches.

Whole Genome Sequencing
Eight CKCS including 3 normal CKCS, 3 severely affected, and 2 asymptomatic CKCS with SM
were sequenced. Genewiz LLC Next-Generation Sequencing Laboratory performed WGS and
variant calling was done using previously described methods19. Briefly, a standardized
bioinformatics pipeline was used and sequence reads were trimmed to a minimum read length of
70 bp and phred-scaled base quality score of 30 using Trimmomatic 0.32. Next, BWA 0.7.13
was used to align the sequences to CanFam3. Two programs were used to prepare the aligned
reads for analysis: Picard Tools 2.5 (http://broadinstitute.github.io/picard) and GATK 3.7 (Broad
Institute, Cambridge, MA). The GATK’s Haplotype Caller walker was used to call variants and a
variant quality score recalibration (VQSR) was applied. The resulting variants were filtered
against predicted effect on protein expression and phenotype.
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Results
A total of 175 CKCS entered the study with MRIs and medical questionnaires completed. A
table of cohort characteristics is shown in Table 1. Images were inadequate to determine the
presence of SM in 5 (3%) dogs. In 14 (19%) dogs, comorbidities such as skin disease or missing
data meant that clinical status could not be clearly determined. Owners completed the ChiMPS-T
for 126 dogs and TSS, TPS, and combined TSS + TPS were generated accordingly.

DNA samples were collected and genotyped on 712,331 snps using the Axiom K9 HD
array. Cluster analysis revealed one sample was improperly labeled; this dog was removed from
analysis leaving 174 samples analyzed. The sex check test revealed correct identification for all
dogs. All 174 dogs were included for the first GWAS case/control approach for the SM and
symptomatic phenotypes. A total of 5 GWAS were performed: 1 case/control study for the
presence of SM (174 dogs), 1 case/control studies for the presence of clinical signs (174 dogs),
and 3 quantitative approaches (127 dogs) for clinical signs using TSS, TPS, and combined TPS.
A summary of data GWAS parameters and pruning results for all analyses is shown in Table 2.
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Table 1. Cohort characteristics of dogs with and without SM
SM (n = 95)

No SM (n = 74)

Unknown (n = 5)

62, 33

38, 36

1, 4

3.35, 0.31-11.84

2.89, 1.06-8.92

2.72, 1.61-7.28

Symptomatic (n, %)

66, 70%

23, 31%

1, 20%

Asymptomatic (n, %)

23, 24%

43, 58%

4, 80%

6, 6%

8, 11%

0, 0%

TSS (median, range)a

6, 0–14.5

1.5, 0-15.5

6, 0-12

TPS (median, range)a

2, 0-18

0, 0-16

5, 0-10

Combined TSS + TPS (median,
range)a

10, 0-32

2, 0-24

11, 0-22

Sex (F, M)
Age (years) (median, range)

Unknown affected status (n, %)

a

TSS, TPS, and Combined TSS+TPS were analyzed from 126 d

Table 2. Summary of GWAS parameters and data pruning for syringomyelia and symptomatic
phenotypes
Syringomyelia
Number of dogs analyzed

Clinically Affected

174

174

127

101, 73

101, 73

72, 55

Case/Control

Case/Control

QTL (TSS, TPS,
Combined
TSS+TPS)

Number of Cases/Controls/Unknown

95/74/5

90/70/14

N/A

Variants Analyzed (n)

626843

626843

626843

Dogs removed due to Missing Genotype
Data (n)

0

0

0

Variant Removed due to Missing Genotype
Data (n)

0

0

0

Total Genotyping Rate (%)

99.8%

99.8%

99.7%

Variants removed due to HWE exact test (n)

5075

2828

5984

Variants removed due to MAF > .01

280993

280993

276805

Total Variants remaining for analysis (n)

340775

343022

344054

Sex (F, M)
Approach (n case/n control/n unknown)
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SM phenotype
The results of our case/control association for the presence of SM are shown in Figure
1a. There weren’t any regions significantly associated with SM phenotype.

Figure 1. Manhattan plots (left) and QQ plots (right) of case/control GWAS results for
categorical A) SM and B) Symptomatic phenotypes. Significant loci (green) on chromosome 26
was associated with the presence of clinical signs in CKCS with CMSM.
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Symptomatic Phenotype – case/control approach
Next, we evaluated the presence or absence of clinical signs, including pain and scratch, in all
174 dogs (Figure 1b). A region on chromosome 26 was associated with symptomatic status. The
majority of snps in this region were situated between 32,691,954-32,817,412 bp (Table 3). These
loci replicated previous findings from a GWAS done using skull measurements associated with
SM where a significant region was identified on chromosome 26 from 32,735,128 to 32,738,238
bp9. The region containing these snps is situated near the ZWINT gene (ZW10 Interacting
Kinetochore Protein) and expression of this gene has been shown to increase with neuropathic
pain20-22. This region is significantly associated with skull changes in CKCS that are predictive
of SM9, as demonstrated in previous work, as well as with the presence of clinical signs in this
cohort of CKCS.
Table 3. Loci significantly associated with categorical
symptomatic phenotype
Clinically Affected Case/Control GWAS
Chromosome

SNP

Position (bp)

P value

26

AX-167722786

32810375

1.432576e-06

26

AX-167835112

32751879

4.503826e-06

26

AX-167701085

32755912

5.056513e-06

26

AX-167726693

32817412

5.109118e-06

26

AX-167592907

32706507

6.716706e-06

26

AX-168001132

32711258

7.065606e-06

26

AX-167520772

32691954

7.276538e-06

26

AX-168238977

29302917

8.089912e-06

26

AX-168050640

32786452

8.781535e-06
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Symptomatic Phenotype – quantitative approach
The GWAS was performed using a QTL approach with our quantification of clinical signs (TSS,
TPS, and Combined TSS+TPS) and the results are shown in Figure 2. The TSS phenotype
mapped to regions on chromosomes 2 and 38 (Table 4). The peak of the associated region on
chromosome 2 contained 7 significant snps that spanned 0.1 Mb and were situated in a region
with the KIAA1217 (Sickle Tail Protein Homolog) gene, which is required for normal
development of intervertebral discs. The associated region on chromosome 38 contained 2 snps
that reached significance, which were located in intergenic regions near the SUSD4 gene. When
using TPS for the quantitative pain phenotype, there was a strong peak on chromosome 13 that
contained a total 20 snps that reached significance spanning 0.1 Mb (Table 4). These snps are
found in a region containing the KCTD8 (Potassium Channel Tetramerization Domain
Containing 8) gene. This gene encodes a potassium channel that is located on the auxiliary
subunit of GABA-B receptors and may contribute to neuropathic pain signaling in dorsal horn
neurons (https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCTD8). As a result, we
considered KCTD8 to be a strong potential candidate gene. Interestingly, when using a
combined TPS + TSS score to define phenotype, GWAS analysis revealed no significantly
associated regions (Figure 2).
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Figure 2. Manhattan plots (left) and QQ plots (right) of quantitative GWAS results
for A) TSS B) TPS C) Combined TSS + TPS. Significant regions are highlighted
in green.
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Table 4. Loci significantly associated with TSS, TPS, and combined TSS + TP

Chr

SNP

Position
(bp)

P value

Chr

TSS

SNP

Position

P value

TPS

2

AX-167822102

9009354

3.10e-06

17

AX-167899205

42805289

2.11e-06

2

AX-167199713

9011589

3.10e-06

13

AX-168167845

40834152

2.34e-06

2

AX-167994378

9049119

3.10e-06

13

AX-168182488

40836369

2.34e-06

2

AX-167172978

9049327

3.10e-06

13

AX-167891564

40844273

3.04e-06

2

AX-168057275

9143798

3.10e-06

13

AX-167894838

40853536

3.04e-06

38

AX-167960206

23617547

4.20e-06

13

AX-167202221

40854605

3.04e-06

2

AX-167643321

9121165

9.19e-06

13

AX-167740621

40855722

3.04e-06

2

AX-167433092

9150433

9.19e-06

13

AX-167201105

40882198

3.04e-06

38

AX-167862318

23620455

9.6e-06

13

AX-167652582

40899335

3.04e-06

13

AX-167179400

40915607

3.04e-06

Combined TSS + TPS
2

AX-168054001

8996423

8.47e-06

13

AX-168090093

40916385

3.04e-06

16

AX-168211904

27616254

9.22e-06

13

AX-167158069

40926093

3.04e-06

13

AX-167655016

40827553

3.90e-06

13

AX-168018250

40923743

4.54e-06

13

AX-167823206

40816784

5.08e-06

13

AX-167867298

40862806

5.08e-06

13

AX-167595827

40907266

5.08e-06

13

AX-167875295

40921082

5.08e-06

13

AX-167335747

40903390

5.75e-06

13

AX-167554609

40918644

6.22e-06

13

AX-168089890

37027653

8.77e-06

26

AX-168264840

24414228

9.52e-06
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Selection Pressure Analysis
To complement our GWAS approaches, we used selection pressure analysis to determine
whether the chromosomal regions containing snps of interest were under artificial selection for
the CKCS breed. The hapFLK analysis was performed on 109 dogs across 11 breeds: Yorkshire
terriers (n=10), Border Collies (n=10), Pug (n=10), Labrador Retrievers (n=10), Brussels
Griffons (n=3), Standard Poodles (n=10), American Cocker Spaniels (n=6), Afghan Hounds
(n=10), CKCS (n=20), Dachshunds (n=10), and English Mastiffs (n=10). The calculated hapflk
statistics were distributed normally (Figure 3a). The hapflk statistics were converted into pvalues using previously described methods18 and the distribution of p-values is shown in Figure
3b. The whole genome population tree is shown in Figure 4c and reflected appropriate placement
of breeds based on their respective clades23.

Figure 3. Histogram of the distribution of A)
HapFLK values and B) converted P values.
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We first established and tested our methods in 2 ways: by looking at previously published traitspecific genes relating to skull shape and by investigating previously published regions that were
associated with CMSM in CKCS and Brussels Griffons. For both BMP3 and SMOC2, genes
associated with skull shape and brachycephaly in dogs8, 24, we identified significant selection for
breeds with extreme skull shapes including Pugs, Brussels Griffons, Dachshund, and Afghan
hounds using both snp and haplotype cluster frequencies (Table 5). In addition, we investigated
regions surrounding previously published regions associated with canine CMSM on
chromosomes 9, 12, 14, 15, 22, 24, and 26. In 7 of 9 previously published regions (78%), we
identified selection in CKCS or Brussels Griffons (Table 5). Interestingly, in one of the
significant regions previously identified in Brussels Griffons that was associated with CM, we
found significant selection for CKCS and in the final region, there was no selection for either
breed.

Next, we investigated chromosomal regions surrounding snps identified by GWAS in the present
study. We chose to look at any region that contained more than one statistically significant snp.
There were 4 regions that were explored involving chromosomes 2, 13, 26, and 38. For each
region, haplotype frequency cluster plots were generated and new local population trees were reestimated using snp and haplotype cluster frequencies; an example is shown for chromosome 13
(Figure 4). The results of all 4 regions are detailed in Table 5. We detected selection signatures
for the CKCS breed in all 4 regions.
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Table 5. Selection pressure results for confirmatory genes, previously published loci, and regions
of interest. *P values are listed for CKCS and Brussels Griffons only.

Significant Breeds
Chromosome

Region (Mb)

SNP level

P-values*

Haplotype level

SNP

Haplotype

Confirmatory Regions

32 (BMP3)

4.95 - 5.45

Brussels Griffon,
CKCS, Dachshund,
Pug

1 (SMOC2)

55.6 - 60

Brussels Griffon,
Pug, Afghan Hound

Border Collie,
Brussels Griffon,
CKCS, Dachshund,
Labrador Retriever,
Pug, Yorkshire Terrier

--

--

Brussels Griffon, Pug,
Afghan Hound

--

--

Significant regions published for Brussels Griffon associated with skull measurements10
9

2.8 - 3.4

Border Collie,
Dachshund

CKCS, Dachshund

--

P = .008

12

12.4 - 12.9

American Cocker
Spaniel, Brussels
Griffon

American Cocker
Spaniel, Brussels
Griffon, Labrador
Retriever

P < .001

P = .05

14

51.4 - 52.2

Brussels Griffon

--

P < .001

--

14

52.1 - 52.6

Brussels Griffon

--

P = .005

--

14

53.4 - 54.0

Afghan Hound,
Brussels Griffon,
Pug

Afghan Hound,
Brussels Griffon

P < .001

P = .004

24

43.0 - 43.5

Brussels Griffon

Brussels Griffon

P < .001

P < .001

Significant regions published for CKCS associated with skull measurements9
15

26.3 - 27.0

American Cocker
Spaniel, CKCS,
Pug, Yorkshire
Terrier

American Cocker
Spaniel, CKCS,
Labrador Retriever,
Pug, Yorkshire Terrier

P = .02

P = .03

22

13.8 - 14.5

Border Collie

Border Collie

--

--

26

32.0 - 33.0

CKCS

--

P = .01

CKCS

--

P = .01

CKCS

P < .001

P < .001

Significant Regions identified in the current study
26

32.0 - 33.0

13

40.5 - 41.5

CKCS, Yorkshire
Terrier
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Table 5. (continued).
2

8.9 - 9.2

CKCS

CKCS

P < .001

P < .001

38

23.55 - 23.65

CKCS, Pug,
Yorkshire Terrier

Pug

P = .002

--
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Figure 4. Representative selection pressure analysis for A) the region of interest on chromosome
13. B) Haplotype cluster frequency plot spanning 0.2 Mb for each dog breed. C) Whole genome
population tree for all 11 breeds. D). Estimation of local population tree using Reynold’s
distances based on haplotype clusters. Color and length of tree branch correspond to significant
signatures of selection.
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Whole genome sequencing
Whole genome sequencing data from 21 CKCS and 501 control dogs were used to investigate
our regions of interest. Of the 21 CKCS, 4 were symptomatic with SM, 3 were normal, 2 were
asymptomatic with SM, and 12 had unknown phenotypes and were a part of a pipeline database
that is shared with NCSU and the University of Minnesota. The 501 control breed dogs were also
a part of the multi-institution database of WGS data. We used a 1 Mb region surrounding our loci
of interest on chromosomes 2, 13, 26, 38 to identify potential variants. There were a total of
151,783 total variants (biallelic and multiallelic) for all 4 regions across all breeds. We were
particularly interested in variants that were rare in other breeds and present in CKCS. Thus, we
filtered the variants such that < 30% control dogs had the variant and < 50 % of the CKCS with
unknown phenotype had no mutation. After filtering the data, 12,459 variants remained. Detailed
information on variants for each chromosomal region are shown in table 6. Next, we filtered to
look at only variants with a predicted high effect on gene function and those with <30% missing
data for control dogs. Using these stringent criteria, we were left with 13 variants. Of these, 3
were associated with GNPDA2, a gene associated with metabolism, 3 were associated with a
gene encoding a coiled-coil domain, and 1 variant was found in the KIRREL1 gene that is
involved in the development of the glomerulus. The remaining variants were associated with
KCTD8, ENSCAFG00000044605 (Profilin-1), and SUSD4 (Table 7). For the KCTD8 variant,
approximately 35% of all CKCS were heterozygous or homozygous for the mutation and only
14% of control dogs had the mutation. However, there was a high rate of missing data for this
variant for all dogs. There were 2 mutations for ENSCAFG00000044605, a novel dog gene with
a 94% sequence homology to Profilin-1. These variants were present in all of our clinically
affected dogs and 60% of control dogs lacked these mutations. Lastly, a high percentage (62 -
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71%) of CKCS were heterozygous or homozygous for the SUSD4 variants whereas many control
dogs (43 - 68%) did not have the mutations.

Table 6. Summary of variants identified from WGS data in regions of interest.
Chromosome
: region (Mb)

Variants
(n)

Variant
effects
(n)

Impact of Variant effects
High

Moderate

Low

Modifier

Annotated
Genes (n)

2 : 8.5 - 9.5

3292

10

14

56

0

3222

6

13 : 40.3 41.4

1878

16

20

20

8

1830

10

26 : 32 - 33

613

8

0

0

5

608

8

38 : 23 - 24

6676

19

26

42

52

6556

32

The stringent filtering applied to our WGS data removed all mutations associated with
ZWINT. Since our results replicated previously published loci in this region, we decided to
perform a post-hoc investigation of the mutations in this region. There were 332 mutations
affecting the ZWINT gene. Two variants were predicted to have a moderate impact on gene
function, 4 were considered low-impact, and 326 were determined to be modifiers of gene
function. There were 7 different effects of the variants. The 2 mutations that were predicted to
have moderate effects (32434594 bp and 32434684 bp) were homozygous in all symptomatic
CKCS and 80% of the asymptomatic dogs did not have the mutation and 20% were homozygous.
Eighty-three percent of the CKCS with unknown phenotype had the mutation and 17% did not.
However, 78 - 93% of control dogs also carried the mutation. Both of these mutations were
missense variants (G:A). Furthermore, the 4 mutations that were predicted to have a low impact
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on ZWINT gene function were present in all of the symptomatic CKCS for 3 of the variants and
50% of symptomatic CKCS for one variant (the remaining 50% were considered missing data).
Eighty percent of asymptomatic dogs did not have these mutations and 58 - 75% of CKCS with
unknown phenotypes were either heterozygous or homozygous for the variants. The control
breed dogs were highly variable with respect to these 4 mutations; they were present in 26 - 86%
of cases. Two of these variants were splice region variants and the other 2 were synonymous
variants. The remaining modifier variants consisted of mainly intron variants (208), downstream
gene variants (74), upstream gene variants (38), and 3’ untranslated region variants (6) and were
considered to be of lesser importance; however, further investigation of these variants is
warranted.

Finally, we performed the same post-hoc analysis on KCTD8 variants since our most compelling
GWAS results yielded many snps within the region when using a quantitative pain phenotype.
Overall, there were 1,016 mutations affecting KCTD8. One variant was considered high impact,
2 were moderate, 2 were low impact, and 1011 were modifiers. The high impact variant was
described in table 7 and the moderate and low impact variants are displayed in table 8. There
were no variants with perfect segregation of phenotype. The modifier variants consisted of intron
variants (950), upstream gene variants (60), and a coding sequence variant and further
investigation of these variants is warranted.
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Table 7. Summary of high impact variants in regions of interest.

KCTD8

ENSCAFG
0000004460
5
(Profilin-1)

ENSCAFG
0000004460
5
(Profilin-1)

SUSD4

SUSD4

SUSD4

13:
40977362

13:
41292375

13:
41292389

38:
23640318

38:
2364022
0

38:
23640340

% Clinically
Affected
CKCS

25

0

0

25

50

50

% All CKCS

43

29

29

9.5

29

19

% Control
Dogs

60

62

59

43

68

47

% Clinically
Affected
CKCS

0

25

25

50

0

50

% All CKCS

9.5

19

24

62

0

57

% Control
Dogs

6.5

6.8

15

19

0.5

18

% Clinically
Affected
CKCS

0

75

75

0

50

0

% All CKCS

24

52

48

9.5

71

14

% Control
Dogs

7.6

29

25

22

30

23

% Clinically
Affected
CKCS

75

0

0

25

0

0

% All CKCS

24

0

0

19

0

9.5

% Control
Dogs

27

1.8

1

15

2.5

12

frameshift

frameshift

frameshift

frameshift

frameshif
t

frameshif
t

High

High

High

High

High

High

Missing Data

Heterozygous

Homozygous

No Mutation

Chromosome :
Position (bp)

Consequence of
Variant
Predicted Impact of
Variant
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Table 7. (continued).
Reference : Alternate

GCCGCC
CCCGCC
C:
CCCGCC
CCCGCC
C,GCCGC
CC,G

C:
CAAAAA,
CAAAA,C
AAAAAA

C:
CA,CAAA
ACA

C : CG

T:
TC,TCC

A:
ACCCA
CCTCTC
CAGG,*

Encoded Protein

Potassium
Channel

Actin
Binding

Actin
Binding

Compleme
nt Inhibitor

Complem
ent
Inhibitor

Complem
ent
Inhibitor
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Table 8. Summary of variants located in a genomic region containing KCTD8
KCTD8 Variants

Missing Data

Heterozygous

Homozygous

No Mutation

Position on chromosome 13
(bp)

40977743

40977405

40977937

40977362

% Clinically Affected
CKCS

0

25

75

25

% All CKCS

0

38

67

43

% Control Dogs

5

54

82

43

% Clinically Affected
CKCS

100

0

25

0

% All CKCS

86

0

4.5

9

% Control Dogs

79

4.5

4

19

% Clinically Affected
CKCS

0

0

0

0

% All CKCS

14

14

19

24

% Control Dogs

13

4.5

4

22

% Clinically Affected
CKCS

0

75

0

75

% All CKCS

0

48

9.5

24

% Control Dogs

3

37

10

15

Consequence of Variant

Missense

Inframe Insertion

Synonymous

Splice region

Predicted Impact

Moderate

Moderate

Low

Low

Reference Alternate

A:G

GGCCCCC :
G,GGCCCCCGCC
CCC

G:T

GCCGCCCCC
GCCC :
CCCGCCCCC
GCCC,GCCGC
CC,G
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Discussion
The primary goal of this study was to identify genetic markers associated with clinical signs and
the presence of SM in CKCS. The reason for this stems from the increasing reports of
discrepancies between MRI findings of SM and presence of clinical signs in dogs with CMSM.
In this study, we prospectively recruited 175 CKCS with varying SM and symptomatic
phenotypes. In agreement with previous studies, we found that 31% of dogs without SM were
symptomatic and, conversely, 24% of dogs with SM were asymptomatic. Our GWAS results
revealed no significant regions of interest when defining phenotype as the presence or absence of
SM. However, when we classified phenotypes by clinical presentation, we identified 4 regions of
interest on chromosomes 2, 13, 26 and 38. Furthermore, regions surrounding these loci were
found to be under significant selection in the CKCS breed. These regions were inspected
carefully for variants that were predicted to have a high impact on gene function and were more
prevalent in CKCS than control breeds. Of particular interest, we found mutations that impacted
KCTD8 when using a quantitative pain phenotype and variants affecting Profilin-1, and SUSD4
when using a quantitative scratch phenotype. The most compelling of these is KCTD8, a gene
that encodes a potassium channel on GABA neurons that are involved in neuropathic pain
processing.

A major challenge in studying the genetics of CMSM in CKCS is the widespread prevalence of
the condition within the breed. Also, the creation of dog breeds has led to a profound reduction
in genetic diversity. Thus, it is possible that highly prevalent, breed-specific conditions are fixed
within a breed, making straightforward case/control association studies impossible. Selection
pressure analysis identifies chromosomal regions that cluster within populations and therefore
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could uncover disease-predisposing regions that are clustered within dog breeds that otherwise
would be missed using straightforward case/control approaches. The hapflk method for
investigating selection pressure was first described in 201318. This method expands on the FLK
statistic that was developed to account for hierarchical populations when analyzing allele
frequencies18. The hapFLK method expands on the FLK statistic and allows for detection of
differences in haplotype structure across populations18, 25. This method is powerful because it
regroups chromosomes into local clusters as it accounts for linkage disequilibrium in two ways:
the block-like clustering of haplotypes across populations and the decrease of linkage
disequilibrium with distance18, 26, 27 Another popular method for investigating population
structure using haplotype information is XP-EHH27. This method is useful for identifying snps
that are fixed in one population but not in another; however, this method has decreased power for
detecting hard and soft sweeps compared to hapFLK18, 27

Using the hapFLK method to identify signatures of selection, we were first able to capture a
range of varying haplotype frequencies in 2 genes associated with skull shape morphology,
BMP3 and SMOC2. We identified significant selection in breeds with both brachycephalic and
dolichocephalic skull shapes. Furthermore, we found that regions containing previously
identified snps associated with CMSM were under significant selection for CKCS and Brussels
Griffons. Finally, hapFLK analyses surrounding regions identified in this study also showed
selection for the CKCS breed. While selection pressure analysis can be used to uncover
important fixed regions in populations that may be missed using straightforward GWAS
approaches, we highlight the usefulness of coupling these 2 methods in another way. The
selection pressure analyses performed in the current study were able to confirm that the regions

132
surrounding snps of interest were genetically differentiated in CKCS compared to other breeds
further strengthening the importance of these regions in studying CMSM in dogs.

We performed 5 total GWAS in this study. Interestingly, our GWAS comparing dogs with and
without SM was of low yield; however, defining the phenotype by clinical presentation identified
several significantly associated regions that contained numerous snps. When using a categorical
approach (symptomatic yes or no) for our GWAS, we identified snps on chromosome 26 that
were within 20,800 bp of loci previously reported in CKCS9. The previous study found that the
snps on chromosome 26 were associated with skull measurements that reflect a reduced caudal
fossa in CKCS9. The only coding gene in this region is ZWINT, a gene that encodes a protein that
is involved in kinetochore function28. A chronic neuropathic pain model has revealed ZWINT
expression is increased with neuropathic pain in rodents20-22. Ancot et. al., failed to show an
association between this region and SM and pain in a cohort of 65 dogs9. The authors
acknowledged that pain phenotyping was limited at the time of DNA sampling and dogs were
only differentiated by the presence or absence of SM; therefore, they did not account for the
anomalous cases where MRI findings are inconsistent with clinical presentation9. In this study,
we also failed to detect an association between this region and SM; but, by using a larger cohort
of dogs with detailed phenotypic definitions of clinical signs (regardless of SM diagnosis) we
identified an association among this region and clinical signs. While WGS analysis did not
reveal any high impact variants, we did identify two mutations that predicted a moderate effect
on ZWINT expression. Interestingly, these mutations were present in all of our symptomatic dogs
while the majority of asymptomatic dogs did not have the mutations. Ten (83%) CKCS with
unknown phenotypes had the mutations as well. Although these mutations seemed to coincide
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well with clinical sign segregation, they were also highly prevalent in control breed dogs
demonstrating that these are common canine variants.

Our quantitative GWAS approaches investigated scratch signs (TSS), pain signs (TPS), and a
combination of both signs. Using this method, our analyses captured a range of clinical signs and
this is incredibly important for a disease that is progressive with a wide-ranging spectrum of
clinical signs. There were multiple loci, significant at the P < 10-5 significance level, on
chromosomes 2, 13, 26, and 38. The regions containing snps were distinct when clinical signs
were differentiated by scratch (chromosomes 2 and 38) or pain (chromosome 13). When scores
for scratch and pain were combined, there were no significant regions identified. These results
suggest that the etiology or predisposition of scratch and pain signs may have distinct origins. To
further support this concept, a retrospective study identified that scratching-related signs were
associated with the size of SM; however, pain signs were present regardless of the presence or
severity of SM29. To add, another study hypothesized that large dorsolateral syrinxes cause
damage to the dorsal horn such that lumbar scratching central pattern generators are disrupted
leading to a fictive type scratch30. Hence, it’s plausible that scratching related signs in dogs with
CMSM are as a result of physical damage to the dorsal horn whereas pain signs may involve a
genetic component including altered pain processing.

When we investigated pain on a continuous scale using GWAS, we found a compelling peak on
chromosome 13 with numerous snps that were all situated in a region containing KCTD8.
Furthermore, we found that the CKCS breed was significantly selected for in this region at both
the snp and haplotype level. When analyzing WGS data, there were 3 mutations that were
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predicted to have moderate to high impact on KCTD8 expression and thousands more that were
modifiers. Unfortunately, 2 of these variants had a high degree of missing variant data for our
CKCS of known phenotypes making it difficult to compare variant effects with clinical signs.
However, 2 of the 3 variants did not appear to be common in dogs as they were only present in 9
and 14% of control dogs. Additional exploration of these variants in dogs with well-documented
pain phenotypes is warranted. Importantly, KCTD8 encodes a protein that has a tetramerization
domain which binds to GABA-B receptors31. GABA-B receptors are inhibitory neurotransmitter
receptors and their signaling is tightly regulated by KCTD domains32, 33. There are 4 main KCTD
subunit domains (8, 12, 12b, and 16). The KCTD8 and 16 domains have an added C-terminal H2
homology domain that the others lack31. This H2 domain causes steric hindrance of the H1
homology domain, which is responsible for mediating desensitization, and therefore causes
opposing effects on GABA receptor responses31. The result is inhibited desensitization or
disinhibition of the GABA receptors. The distribution of KCTD8 in the rodent brain has been
shown to be found in the medial habenula, brainstem nuclei, and the cerebellum34. Variations in
expression of KCTD8 have been shown to be associated with brain size in adolescent females35.
The role of KCTD8 in dorsal horn interneurons is still largely unknown but due to its intimate
connection and modulation of GABA receptors, it is an interesting candidate gene to consider
with regards to pain in dogs with CMSM. The other 2 genes of interest that were detected
through strict WGS analyses included Profilin-1 (Chromsome 13) and SUSD4 (Chromosome
38). The loci that we identified on GWAS were within 367,000 bp of Profilin-1 and 20,000 bp of
SUSD4. Profilin-1 was compelling because all of our symptomatic CKCS had the mutations and
only 35-40% of control dogs had the mutations. Profilin-1 encodes an actin binding protein that
has been shown to be important in the formation of synapses between neurons and overall
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regulation of neural plasticity36-38. Furthermore, mutations in Profilin-1 have been associated
with various neurological conditions including Miller-dieker syndrome, Amyotrophic Lateral
Sclerosis, and Hungtington’s disease39-42. While these conditions vary greatly from CMSM it is
possible that variants in the dog Profilin-1 gene could result in altered sensory processing and
play a role in the development of clinical signs. Lastly, SUSD4 (Sushi Domain Containing 4)
encodes a transmembrane protein that is involved in the complement system. SUSD4 is highly
expressed in the nervous system and has been shown to be involved in the degradation of
GLUA2 AMPA receptors43, 44. Furthermore, SUSD4 knockout mice have impaired long-term
depression of neuronal synapses suggesting that susd4 plays a role in synaptic plasticity43.
Another study found that susd4 knockout mice have morphological changes in neurons and
behavioral changes including increased anxiety behaviors45. All in all, our GWAS results
coupled with WGS analyses identified 3 genes of interest that all have been implicated in neural
plasticity.

The CMSM condition in dogs is complex and most likely polygenic. More work is required to
investigate the genomic regions of interest identified in this study. First, we need to perform
haplotype analysis on our GWAS determined regions of interest to identify blocks of linkage
disequilibrium. If LD blocks are found, linear regression analyses can be used to test the
association of these haplotypes to phenotype. Confirmation of both snp and haplotype
associations with clinical signs would further strengthen the candidacy of our regions. Sanger
sequencing of these regions and snps in well phenotyped dogs would allow for additional insight
into whether these regions segregate with clinical signs. This is particularly important for the
KCTD8 variants that were identified on WGS but had a high degree of missing variant call
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data. Finally, we used stringent criteria for analyzing variants from our WGS data in this study
including mostly variants with high or moderate predictive impact. The CMSM condition in dogs
is rarely fatal, and therefore it is possible that mutations causing modifications of gene function
are also relevant. Detailed investigation of all mutations that are considered “modifiers” is
warranted. Also, quantitative analysis of these variants may be useful as they were uncovered
through the use of quantitative phenotypes. If haplotype analyses and sanger sequencing results
suggest genes or loci that are associated or segregating with clinical signs; then, tagsnps could be
used to efficiently genotype a large cohort of well-phenotyped CKCS in the regions of interest.

To summarize, we collected DNA, MRIs, and detailed information on clinical signs in a large
cohort of CKCS. We found that by differentiating dogs on the basis of clinical signs, rather than
the presence of SM, we were able to detect several regions of interest including loci that
replicated previously published findings. We used categorical and continuous measures of
clinical signs to classify phenotypes and found snps on chromosomes 2, 13, 26, and 38. The
largest cluster and most significant loci were found on chromosome 13 when using a quantitative
pain phenotype. We combined our GWAS analysis with selection pressure methods to further
demonstrate that the regions we identified, and those published previously, exhibited significant
signatures of selection for CKCS and Brussels Griffons. Within these regions, we identified high
impact mutations in 3 genes that are involved in synaptic plasticity: KCTD8, Profilin-1, and
SUSD4. Further work is warranted to determine the segregation of these regions and genes with
disease in dogs with CMSM.
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CHAPTER 7
Conclusions and Future Directions
Conclusions
There is a critical need for naturally occurring large animal models of neuropathic pain to help
bridge the gap between induced small-animal experimental models and human clinical
trials. Selective breeding coupled with soaring popularity has resulted in a readily available
population of CKCS that are at high risk for developing CM and SM and subsequent neuropathic
pain. Owners report a wide range of behavioral abnormalities of varying frequency and
severity. The broad application of this model is hindered by the ability to quantify clinical
anomalies, making it difficult to determine efficacy in clinical trials. Furthermore, previous work
has focused on SM to investigate clinical signs and genetic mutations. Since it is common to see
discrepancies between SM and clinical signs, there is a need to refocus the attention towards
characterizing clinical signs in dogs irrespective of SM and using this information to guide future
studies. Also, quantitative measures of clinical signs are necessary to adequately and more
objectively capture the wide spectrum of clinical manifestations seen in dogs with CM and SM.

Reliance on owner observations is critical for studying CM and SM in dogs because clinical
signs often wax and wane and are not consistently detected when dogs are evaluated by a
veterinarian. Our detailed discussions with owners and development of CMIs effectively
captured and quantified their observations. Historically, researchers have grouped scratching and
pain signs together to determine affected status. This work revealed that it was not uncommon to
identify dogs with only scratching or pain signs; therefore, it became evident that our CMI tool
needed to differentiate these two clinical signs. We developed 2 tools, ChiMPS-T (questionnaire)
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and ChiMPS-M (maps) that capture frequency and severity of both scratch and pain, separately.
Ordinal scores were established for CHiMPS-T (TSS and TPS) and surface area was measured
for ChiMPS-M, thus providing continuous measures for each sign. Owners were consistent in
reporting across the 2 tools when tested on a cohort of 50 CKCS. In contrast to earlier findings,
owner observations were not associated with the presence or severity of SM or neurological
examination findings. Additionally, there were 10 dogs (20%) that had neuropathic pain signs
but no SM suggesting the etiology of how clinical signs manifest in individual dogs deserves
further examination. These tools are the first CMIs that differentiate scratching and pain signs
while also capturing their frequency and severity in dogs with CM and SM.

Having established tools to quantify owner observations, we next developed a protocol to
measure sensory function in CKCS with CM and SM. At the time of this work, no attempt to
quantify sensory deficits using QST in these dogs was reported. Through extensive trial and
error, testing sites were identified and a combination of thermal and mechanical modalities were
used to investigate sensory function in 44 CKCS. Similar to findings using our CMI tools, we
identified no association between the presence or severity of SM and sensory dysfunction in
CKCS. In contrast, painful dogs, as determined by clinician assessment, had significant
mechanical hypersensitivity at all testing sites compared to nonpainful dogs. These results
further corroborated our earlier findings that SM and clinical signs are often in disagreement and
highlight the usefulness of this protocol for assessing sensory changes in painful dogs with
CMSM.
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A significant discovery was made while on the pursuit to characterize clinical presentation in
CKCS with CM and SM. Lumbosacral pain, which has been rarely reported in association with
this condition, was commonly elicited, and in many cases was more severe than pain produced
by cervical palpation. Based on reports of CM1 coexisting with TCS in people with back pain,
we examined the morphology of the caudal spinal cord in CKCS. We discovered that the spinal
cord and dural sac terminated more caudally in CKCS compared to weight-matched breeds and
these findings correlated with the presence of thoracolumbar SM. Further, we found that reduced
FTIL was significantly associated with both owner and clinician observations of pain.
Importantly, symptomatic dogs without SM were differentiated by a shorter FTIL compared to
normal and SM-affected CKCS. There are few studies that have investigated the differences in
symptomatic CKCS with and without SM1, 2. Our results give insight into another possible
structural defect leading to spinal pain in CKCS.

This work began by creating tools to capture the heterogeneity of clinical manifestations in dogs
with CM and SM. As a result of developing these tools, we uncovered discrepancies in the
relationship between clinical signs and SM and unveiled new pathology associated with pain.
Building on this, we performed genetic studies that leveraged our detailed characterizations of
clinical presentation, separate from MRI findings, to define phenotypes on 174 CKCS. No
regions of interest were identified when using the presence of SM for assigning phenotype;
however, a categorical allocation of symptomatic (yes/no) phenotype yielded a significant region
of interest on chromosome 26. This region was previously identified in a separate cohort of
CKCS3 and was associated with skull changes that were predictive of SM. Next, we utilized our
CMIs to assign quantitative phenotypes reflecting the full spectrum of clinical signs observed in
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CKCS. A strong peak of SNPs on chromosome 13 was associated with TPS and other regions of
interest on chromosomes 2 and 38 were associated with TSS. We coupled our GWAS results
with selection pressure analyses and found that CKCS have significant signature of selections for
these regions of interest compared to other breeds. Also, whole genome sequencing analysis
identified numerous variants in these regions including high impact variants affecting genes
associated with synaptic transmission and plasticity.

As a result of this work, the usefulness of the CM and SM canine model has been strengthened
through the development of tools to quantify clinical abnormalities that can be leveraged as
outcomes for future clinical trials. Further, this work has revealed another morphologic
contributor of pain that is able to differentiate the anomalous cases of dogs with clinical signs
and no SM. Lastly, detailed characterizations of clinical signs led to the discovery of new
chromosomal regions of interest that may further elucidate the development of clinical signs in
dogs with CM and SM.

Ongoing work and future directions
Validation of our CMIs is necessary to establish the reliability and relevance of these tools. We
recently completed 50% enrollment for a double-blinded, placebo-controlled clinical trial
investigating the effect of pulsed electromagnetic field (PEMF) technology on dogs with severe
clinical signs of CM and SM. The primary outcome measures for this trial were CMIs and QSTs.
The data collected from this trial will allow us to investigate test-retest reliability, intra-rater
reliability, and how responsive the CMIs are in detecting treatment effect using standard of care
medications. Importantly, these tools are easily accessible and easy to apply, which will assist in
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widespread implementation. Validity testing will shed light on the usefulness and reliability of
these tools, hopefully, strengthening the application of our CMIs to standardize outcomes across
research groups studying canine CM and SM.

Further work is also needed to explore the functional relevance of caudal spinal anomalies in
CKCS. For example, we commonly observe an abnormal pelvic limb gait and less frequently see
ataxia but it is unclear whether these observations, in combination with LS pain, are a
consequence of abnormal spinal cord termination in CKCS. Gait analyses and
electrophysiological evaluation in CKCS with caudal spinal anomalies would further elucidate
the functional significance of these changes and help determine whether surgical correction is
warranted. Importantly, surgical correction of TCS is much less invasive than caudal fossa
decompression and studies in people with coexisting CM1, SM, and TCS have shown that
detethering of TCS can result in widespread improvements, possibly reducing the need for other
surgical interventions4-8. This finding might also exist in dogs whereby transection of the filum
terminale may alleviate clinical signs and prevent the need for more aggressive skull surgery.

A natural progression of our genetics work is to perform haplotype analyses on our GWAS
regions of interest and sequence genes and SNPs of interest to determine whether they segregate
with clinical presentation. Further investigation of variants identified by WGS is necessary since
our stringent criteria for filtering removed mutations that resulted in modifications of gene
function to select for higher impact variants. Since CM and SM is complex and rarely fatal, it is
quite possible that gene modifying variants are implicated in disease manifestation and therefore
should be investigated. Other quantitative phenotype data has been compiled during the course of
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this work including QST data, various skull measurements, and FTIL that can be used to perform
further association studies.

Finally, inflammatory mediators play an important role in both itch and pain. Understanding the
key inflammatory cytokines in this model may help in our efforts to improve treatment options in
dogs with CM and SM, and even provide translational insights for human disease. Previous work
in CKCS with CM and SM have shown increased levels of Substance P and interleukin 6 (IL-6)
in the CSF in dogs with neuropathic pain9. There remains a need to confirm this work in a larger
subset of dogs while also including dogs that have clinical signs and no SM. Also, there are
several other mediators to consider that are implicated in generating neuropathic pain and itch1016

. To initiate this work, we have collected and banked cerebrospinal fluid (CSF) from 40 CKCS

with varied phenotypes and 4 control dogs and performed preliminary assays to compare the
levels of inflammatory cytokines in normal and clinically affected CKCS. In an effort to
conserve CSF samples for targets that showed interesting trends, we first tested a small subset of
CKCS samples in single or duplicate samples so that we could investigate a larger assortment of
mediators. Triplicate testing was done for the following analytes: monocyte chemoattractant
protein-1 (MCP-1), interleukin 8 (IL-8), IL-6, interleukin (IL-18), and interferon gamma (IFNγ)
and they were analyzed simultaneously using the Milliplex MAP Canine Cytokine panel. Table 1
shows a list of mediators that we have preliminarily examined.
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Table 1. Table 1. A list of preliminary inflammatory mediator assays performed and the trends in
concentration levels in dogs with SM or clinical signs.

Change in concentration levels with:
Mediator

# of dogs tested
SM (↑,↓,--)*

Clinical Signs (↑,↓,--)*

IL31

25

--

--

Artemin

12

--

↓

CGRP

16

↑

↑

NGAL

17

↓

↓

CD14

20

--

--

Substance P

28

↑

--

MCP-1

27

↑

↑

IL-8

27

↑

↑

IL-6

27

Undetected

Undetected

1L-18

27

Undetected

Undetected

IFN gamma

27

Undetected

Undetected

* ↑ = increased concentration, ↓ = decreased concentration, -- = no apparent change

We found trends towards increased levels of Substance P (figure 1) in CKCS with SM and
increased concentrations of calcitonin gene-related protein (CGRP) in dogs with SM (figure 2)
and those that were symptomatic (figure 3). The increased concentration of MCP-1 in dogs with
SM was significant (figure 4, P = .004) and nearly significant in dogs with clinical signs (figure
5, P = 0.57). A few mediators were undetectable in canine CSF: IL-6, IL-18, and IFN gamma
and these mediators will not be pursued further. Triplicate testing on all of our CKCS samples is
required to draw further conclusions. Nonetheless, initial work has suggested inflammatory
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changes are at play in this disease. In a small cohort of CKCS, we found increasing levels of
Substance P in dogs with SM, which corroborates the previous findings by Schmidt et. al.9.
Further, we found significant changes in MCP-1 using only 27 dogs. MCP-1 is expressed in
small nociceptive neurons17 and has been implicated as a major player in the development of
neuropathic pain18. Finally, we found increased concentrations of CGRP, a pain-related
neuropeptide, in dogs with SM and with clinical signs. Repeat assays using the entire cohort of
CKCS is planned; although, our initial results provide exciting insights about the role of
inflammation in clinical manifestations of pain and itch in CKCS. In future work, we also plan to
use our continuous measures of pain and itch to investigate associations with inflammatory
cytokine levels.

Figure 1. Box plots showing concentrations of Substance P for control dogs and CKCS with and
without SM. The horizontal line within the boxplot represents the median, the ends of the box
represent the interquartile range, the upper and lower whisker extend 1.5 x interquartile range
from the top and bottom of the box
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Figure 2. Box plots showing concentrations of CGRP for control dogs and CKCS with and
without SM. The horizontal line within the boxplot represents the median, the ends of the box
represent the interquartile range, the upper and lower whisker extend 1.5 x interquartile range
from the top and bottom of the box.
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Figure 3. Box plots showing concentrations of CGRP for control dogs and CKCS with and
without clinical signs. The horizontal line within the boxplot represents the median, the ends of
the box represent the interquartile range, the upper and lower whisker extend 1.5 x interquartile
range from the top and bottom of the box.
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Figure 4. Box plots showing concentrations of MCP-1 for control dogs and CKCS with and
without SM. The horizontal line within the boxplot represents the median, the ends of the box
represent the interquartile range, the upper and lower whisker extend 1.5 x interquartile range
from the top and bottom of the box. A Wilcoxon rank-sum test revealed P = .004.
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Figure 5. Box plots showing concentrations of MCP-1 for control dogs and CKCS with and
without clinical signs. The horizontal line within the boxplot represents the median, the ends of
the box represent the interquartile range, the upper and lower whisker extend 1.5 x interquartile
range from the top and bottom of the box.
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