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Assessments of Sensory Plasticity after Spinal Cord Injury
across Species

Jenny Haefelil, J Russell Huiel, Kazuhito Moriokal, and Adam R Ferguson:2*
Iweill Institute for Neurosciences, Brain and Spinal Injury Center (BASIC), Department of
Neurological Surgery, University of California, San Francisco

2San Francisco Veteran’s Affairs Medical Center, San Francisco, CA, USA

Abstract

Spinal cord injury (SCI) is a multifaceted phenomenon associated with alterations in both motor
function and sensory function. A majority of patients with SCI report sensory disturbances,
including not only loss of sensation, but in many cases enhanced abnormal sensation, dysesthesia
and pain. Development of therapeutics to treat these abnormal sensory changes require common
measurement tools that can enable cross-species translation from animal models to human
patients. We review the current literature on translational nociception/pain measurement in SCI
and discuss areas for further development. Although a number of tools exist for measuring both
segmental and affective sensory changes, we conclude that there is a pressing need for better,
integrative measurement of nociception/pain outcomes across species to enhance precise
therapeutic innovation for sensory dysfunction in SCI.
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1. Introduction

Spinal cord injury (SCI) is characterized by disruption of ascending and descending spinal
cord fiber tracts, leading to highly heterogeneous sensorimotor and autonomic impairments.
SCl is followed by a complex cascade of multiple biological processes including secondary
injury and delayed degeneration as well as compensatory neuroplasticity [1]. Evidence from
animal models suggests that extensive plasticity along the neuroaxis occurs spontaneously
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and can be enhanced by specific therapeutic interventions [2-5]. However, spontaneous and
experimentally-induced plasticity after a lesion to the spinal cord leads not only to beneficial
recovery of motor and sensory function, but can also lead to maladaptive sensory changes
like neuropathic pain (NP) [6-9].

Proper sensory function regarding body state and environment (cutaneous and
proprioceptive) is crucial for recovery of motor function [10-14]. Sensory dysfunction is of
major clinical relevance, as the majority of SCI patients report some pain [15] and NP
occurs in over 50% of patients with a SCI [16-18]. Understanding how outcome measures of
sensory plasticity change during recovery is essential for cross-species translation, especially
when translating novel treatments emerging from preclinical research into the clinical setting
[19]. Despite the importance of monitoring sensory changes after SCI, the assessment of
sensory function is strongly under-represented in the SCI literature compared to assessment
of the motor system.

Here we review the various measures that can shed light on sensory changes occurring after
SCI at the different levels along the neuroaxis. We focus on tools for monitoring sensory
(mal)-function in preclinical models of SCI and compare them with tools available for
patients with SCI (Table 1). The overarching goal of our review is to assess the current state
of the literature and gaps in cross-species measurement of pain after SCI, to promote
translational alignment of outcomes and expedite clinical trials for precision pain medicine
in SCI.

2.1 Behavioral Assessments

Behavioral assessments of the sensory system after SCI can measure evoked (stimulus-
dependent) or spontaneous (stimulus-independent) sensory function. Behavioral assessments
of evoked sensory function can be classified according to three main criteria: 1) stimulus
modality, 2) site of stimulation relative to the level of lesion and 3) type of response that is
measured. Modalities that are used include static and dynamic mechanical stimulation,
thermal stimulation (cold and heat stimulation), chemical and electrical stimulation. The
stimulation can be applied below-level, at-level or above the level of lesion. The responses
can be measured at different levels along the neuroaxis: segmental reflex responses,
brainstem reflex responses or cortical processing. Below we discuss each of these forms of
behavioral assessment.

Evoked and Stimulus-Dependent Assessment Tools

Most sensory assessments in animal models focus on evoked sensory measures where a
stimulus is delivered and a response is measured. These measurements can be segmentally-
organized spinal reflexes or supraspinal and affective in nature.

Reflex-mediated sensory measures—Most commonly (mal)-adaptive sensory
changes in preclinical models are measured by stimulus-evoked reflex responses. The
external stimuli can either be nociceptive or non-nociceptive and of various modalities.
Stimuli are most often applied to the plantar forepaw, plantar hindpaw or tail, as the
corresponding segmental reflex responses are better detectable in the extremities than
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responses on the midline (e.g., thoracic cutaneous trunci muscles). The behaviors measured
are spinal (i.e., withdrawal or tail flick) and/or brainstem reflex responses (i.e., licking,
biting, struggling, guarding, jumping). Reflexes have often been discussed as inappropriate
measures of pain and suffering in animal models. Segmental reflex responses such as
withdrawal rely on a motor response and thus not only sensory but also motor function is
assessed. Further, many of the reflex responses are also observed in decerebrated animals
and therefore do not involve cortical processing [19]. In preclinical models of SCI spinal
reflex responses can additionally be confounded by the presence of spasticity [20] and some
motor function is necessary to assess the withdrawal response. Nevertheless, reflexes can
give information about the segmental state of excitability within the spinal cord. For
example, the Hoffman reflex (H-flex), an electrophysiological test of the muscle stretch
reflex, is a representative procedure that has been used to evaluate the status of excitability
of the spinal cord in a number of studies across species [21]. Although little is known about
pathophysiological mechanisms of central NP after SCI [22], some measurements of H-
reflex have the potential to reflect the state of NP/excitability in preclinical models.

Tactile allodynia/static mechanical hypersensitivity is primarily assessed with static
application of von Frey hair (VFH) monofilaments using the up-down method [23]. The
lowest gram force used to induce a spinal response in at least 50% of the applications is
reported as the tactile threshold. In addition the incidence of supraspinal responses are
recorded and the responses are presented as percentages of total response. Detloff et al.
developed a method to assess below level (i.e. hindpaw) sensory thresholds acutely after rat
SCI before motor functions, such as weight support and trunk stability, recovered [24]. The
rat is wrapped in a towel during testing allowing spinal but not supraspinal reflex responses
to be measured. Importantly, the acute dorsal reflex thresholds predicted chronic pain
thresholds. Other studies have tested hind and forepaw responses as well as locations on the
torso, in both rat and nonhuman primate (NHP) models of SCI [25,26]. In rats, in addition to
suprasegmental responses (vocalization/guarding), segmental responses such as skin
contraction and body flinch have been recorded after VFH tactile stimulation of the torso in
low thoracic SCI.[25] This model of SCI induced both long-lasting suprasegmental
responses to stimulation on the torso and decreased segmental hindpaw withdrawal
thresholds to touch and cold [25]. In NHP, Salegio et al. used an electronic VFH filament to
assess changes in sensory dysfunction above, at and below the level of lesion (i.e., shoulder,
hand, thorax, knee and foot) by monitoring both segmental (flinch/withdrawal) and
suprasegmental (facial activity/orientation) responses [26].

Affective/motivational measures of stimulus-dependent pain—In more recent
years novel paradigms that assess affective and/ or motivational behavior induced by evoked
or spontaneous maladaptive sensations have been adapted from the pain literature and
applied in preclinical models of SCI [27-32]. Below we review these affective pain
measures in SCI.

The place escape/ avoidance paradigm (PEAP) assesses the affective/ motivational behavior
to avoid pain [27]. In rodents, this paradigm is applied in a dual chamber (dark and light

room). An experimenter applies mechanical stimuli in the dark room to a location below or
at the level of lesion potentially affected by maladaptive sensory changes [20,33,34]. In the
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light room the animal are either not stimulated or receive stimulation at a control site above
the lesion [20,33,34]. The motivation to escape the mechanical aversive stimulus is opposed
to rodents’ aversion to bright light, biasing the test against false positives. The time that the
animal spends in the light room and the number of crossings between chambers is measured.
The underlying assumption is that if mechanical stimuli induce an aversive response the
animal will spend more time in the light chamber to avoid/ escape the stimulation
overcoming rodents’ natural aversion to bright light. One limitation of this paradigm is that
itis a learned task and can only be applied once [20]. Previous studies in both contusion and
transection models of thoracic SCI were able to measure at-level hypersensitivity at the
thorax and the forepaws [20,33,34]. The one study that assessed below-level hypersensitivity
with the PEAP did not see a change in response due to below-level stimulation. The authors
also observed no change in brain-stem mediated reflex thresholds [20]. Further work is
needed to reconcile these findings with other work demonstrating below-level changes in
tactile nociception in certain animal models of SCI [11,12].

In a similar dual-chamber PEAP paradigm the mechanical stimulation is replaced by thermal
stimulation to assess cold and/ or heat sensitivity [28,35]. In the dark chamber hot, cold or
neutral thermal stimuli are applied through a temperature regulated floor plate. In the bright
chamber the floor plate is set to a neutral temperature. In this paradigm animals are trained
to establish stimulus preference between avoidance of thermal stimulation and bright light
[29]. In a model of low thoracic spinal cord compression Vierck et al. were able to measure
cold and hot hyperalgesia in SCI [35].

In the PEAP paired with heat stimulation (temperature regulated floor plate) the thermal
stimuli are simultaneously applied to fore and hindpaws. Depending on the level of SCI this
model might not be able to distinguish between at and below level maladaptive sensory
changes. In comparison in the mechanical stimulation PEAP, the stimuli can be applied to
various locations by an experimenter. Whereas, an advantage of the thermal testing
paradigm is that it can be accomplished in the absence of the experimenter, as the thermal
stimulation can be automated.

Vocalization is another potentially useful and highly conserved measurement tool for
assessing affective pain across species ranging from rodents to humans [36]. Ultrasonic
vocalization (USV), which is emitted by rodents in response to noxious stimuli outside of
the human audible range, can serve as a potential non-reflex behavioral measure to
distinguish between positive and negative emotional-affective states of pain. USV has been
mapped by stimulus type, associating specific frequency bands with particular stimulus
modalities ranging from painful (~20-40 kHz) to pleasurable (~50 kHz) [37,38].

Stimulus-dependent sensory assessments in human SCI—Similar to preclinical
models, stimuli of different modalities are used to assess evoked sensory function after
human SCI. As part of the core SCI Common Data Elements, by the National Institute of
Neurological Disorders and Stroke (NINDS), the International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI) have become a standard clinical tool to
assess sensory function [39-41]. This exam uses light touch and pinprick stimuli applied to
cervical, thoracic, lumbar, and sacral dermatomes. The quality of the sensation is scored on a
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3-point ordinal scale (normal, impaired, absent). One limitation of this assessment is that
dermatomes that have either decreased sensation or are hypersensitive fall into to the same
category of impaired sensation. Only a few studies looked at the relation between the
ISNCSCI sensory measures and the development of NP [42,43]. Hari et al. found that
patients that suffer from NP have enhanced sensory recovery measured by pinprick sensation
in comparison to SCI patients that do not develop NP [42]. Another study found that lower
at-level pinprick scores were more predictive than light touch scores for NP development
[43].

A well-established psychophysical method is quantitative sensory testing (QST) [44-46].
QST measures detection and pain thresholds of different stimulus modalities to assess
sensory loss and sensory gain (e.g., allodynia, hyperalgesia) and depends on the patient’s
subjective report of the perceived sensation. Included in the common data elements for SCI
are both perceptual and pain threshold to cold and heat stimuli and perceptual threshold to
mechanical vibration [41].

While in humans QST can assess sensory function along the entire neuroaxis using a
vocalization/ verbal output, most published animal models have focused on fore and
hindpaw, as segmental responses such as skin twitch (cutaneous trunci) reflexes are harder to
detect. This distinction in measurement reflects a point for improvement for the goal of
understanding the nature of pain sensitivity across the neuraxis after SCI.

Spontaneous (Stimulus-Independent) and Chronic Assessment Tools

Evoked pain responses such as reflexes, PEAP and vocalization measures are powerful tools
for charting the basic neurobiology of sensory change after SCI for early stage therapeutic
development. However, from the perspective of bench-to-bedside translation the role of
evoked measures is less clear, as spontaneous and chronic pain is more common in SCI
patients than evoked or stimulus-dependent pain [47-49]. Although measuring spontaneous
and chronic pain, such as central NP can be challenging in preclinical models, a few papers
have demonstrated approaches for doing so in the SCI preclinical model. Below we will
discuss these emerging approaches and review their utility as tools for targeting affective
pain as a translational therapeutic approach.

Conditioned place preference—Conditioned place preference (CPP) is a paradigm that
was recently adapted from the pain literature to assess sensory dysfunction after SCI [30,50].
This paradigm is designed to measure spontaneous and chronic pain rather than evoked pain.
The CPP unmasks the affective component of chronic pain (unpleasantness), by taking
advantage of the fact that rapid pain relief is rewarding [51]. Based on this concept, non-
narcotic analgesic treatments should only be rewarding in the presence of chronic pain [30]
and therefore only animals in chronic pain should demonstrate pavlovian CPP for stimuli
paired with pain-relieving treatment. During CPP conditioning, distinct black or white
chambers are paired with manipulation that have proven to alleviate pain (e.g., lidocaine in
the rostroventral medulla) or saline. On test days the animals are tested in a drug-free state.
They are placed in the CPP box with access to both black and white chambers and time
spent in the different chambers is recorded to assess chamber preference. In SCI animals it
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has been shown that analgesic treatments are rewarding to animals with spinal cord lesions
but not to sham operated animals [50]. This place preference provides strong evidence that
SCI is associated with chronic pain and provides a platform for testing therapies that
mitigate or prevent this chronic pain.

Facial expressions—The coding of facial expressions is another way to assess the
affective component of spontaneous pain. This paradigm was first developed in mice [31]
and later modified for the use in rats [32]. In the mouse grimace scale five facial features are
coded on a 3-point scale (not present, moderate and severe): orbital tightening, nose bulge,
cheek bulge, ear position and whisker change [31]. In the rat the nose and cheek specific
features are collapsed into one category, whereby pain results in increased flatting of this
facial area [32]. Studies in mice highlighted that the grimace scale might not be sensitive to
assess pain assays of longer duration, such as chronic NP [31]. In a recent SCI study the
mouse grimace scale detected early-phase spontaneous pain up to 3 weeks after injury. In
comparison, in the same study mechanical and thermal sensitivity continued to be increased
at 2-month post lesion [52]. It is unclear if distinct (mal)-adaptive sensory changes with
distinct temporal courses are measured with these different measurement tools or if animals
learn to control their facial response over time.

In addition to assessment tools that measure ongoing spontaneous pain, spontaneous
behavioral events such as sleep behavior, picking/ overgrooming and autotomy can be
monitored. However, these spontaneous behaviors can reflect multiple underlying causes not
solely related to (mal)-adaptive sensory changes [19]. For example picking/ overgrooming
could also relate to numbness of specific body areas at or below the level of lesion
independent of pain. Lee-Kubli et al. measured spontaneous lifting of forepaws unrelated to
locomotion, grooming or change in position after a thoracic SCI in rats [33]. They found that
animals with a complete spinal transection or compression have increased foot lifting in
comparison to sham-operated animals. The increased spontaneous foot lifts persisted for
several weeks and were alleviated by the applications of gabapentin, a drug used to treat NP.

Stimulus-independent sensory assessments in human SCI—A common problem
in preclinical assessment of spontaneous pain is that the location that relates to the pain
experience is not clearly defined and therefore below and at-level NP are indistinguishable.
In human SCI, the patient’s personal description of spontaneous and also evoked-pain gives
valuable detailed information including intensity, location and duration of the perceived pain
sensation. Visual analog scales, numeric rating scales and pain questionnaires are used to
capture the subjective pain perception. There are numerous different measures that have
been recommended to assess NP in humans [53]. The pain working group from the NINDS
SCI Common Data Elements [41] recommends the International SCI Pain Basic Dataset
(ISCIPBDS) [54,55] which includes the International SCI Pain Classification (ISCIP)
[56,57]. The goal of the ISCIP classification is to discern between pain types (i.e.,
neuropathic, nociceptive, other or unknown pain). Within the NP classification at-level,
below-level and other NP types that are unrelated to SCI are coded [55]. In addition to the
pain types, pain presence, interference, location, intensity, onset and treatment are assessed
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[54,55]. Developing animal correlates for gathering this type of information remains a
challenge requiring further work.

Disconnect Between Different Pain Assessments Along the Neuroaxis

In preclinical models, one important question is whether interneuronal circuits connecting
nociceptive neurons to motor neurons segmentally are similarly affected by anti-nociceptive
interventions as behavioral outcome measures that involve brainstem or cortical processing.
Some studies have shown discrepancies between spinally-mediated reflex responses and
supraspinal (i.e., brainstem or cerebral-dependent) responses [20,52]. This disconnect
between the sensory measures at different processing levels along the neuroaxis suggests
that these tests reflect different components of pain processing (affective versus sensory
component) [34,58]. In the context of SCI, segmental responses might also reflect ongoing
spasticity rather than alterations in the nociceptive system [20]. This disconnect of measures
along the neuroaxis implies that different behavioral assessments can give distinct insights
into (mal)-adaptive sensory changes after SCI, and studies applying multiple behavioral
assessments may reflect most accurately the complex underlying syndrome [59]. In studies
with the aim of targeting NP in preclinical models of SCI, assessment assays that include
supra-segmental processing (ideally cortical processing) are needed.

2.2 Biomarkers

Although behavioral assessment remains the most common method for measuring sensory
dysfunction after SCI, recent research has been focused on identifying biomarkers that may
provide objective translational measures of sensory changes. At the outset, it should be
stated that there is little currently known about the specific biomarkers for SCI pain. Yet,
emerging biomarkers for SCI severity exist, and some of these molecular pathways overlap
with known pain mechanisms. Thus, the search for SCI NP biomarkers may be partially
informed by screening molecular mechanisms of injury pathophysiology and cross-
referencing them with molecular pain signatures. Recent work has revealed candidate
cerebrospinal fluid (CSF) or serum biomarkers for objectively stratifying injury severity,
including the structural proteins S100Beta, tau and pNF-H, and the cytokines IL-6 and IL-8
[60-64]. Although biomarkers of injury severity may aid in overall disease prognosis, their
potential for predicting the development of neuropathic pain is limited by the unreliable
correlation between injury severity and NP. Reports of below-level NP prevalence following
SCI range from 34 to 67% [17,48], yet the precise constellation of factors that determines
whether a patient will develop NP is still unknown, and to date, little clinical research on
SCI pain biomarkers has been undertaken [60,65]. In the following section we review a
number of promising preclinical studies aimed at early biomarker discovery that may shed
light on the biological and morphological indicators of NP development after SCI.

Immune Factors

The immune response following SCI is believed to alter sensory plasticity through the
release of inflammatory cytokines from activated microglia, macrophages and astrocytes. A
large body of preclinical work has identified these factors in mediating allodynia following
peripheral injury, and recent preclinical work has highlighted similar effects following SCI
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[66-69]. Hains and Waxman demonstrated that microglia play a pivotal role in the
maintenance of hyper-responsiveness in lumbar dorsal horn neurons after SCI [70]. Detloff
and colleagues showed that the severity of SCI-induced allodynia below the level of injury
was highly correlated with activation of microglia, and the expression of inflammatory
cytokines TNFa and 1l-1B in the lumbar dorsal horn, up to 21 days after SCI [71].

Based on these and other preclinical studies indicating a role for cytokines as potentially
potent pain biomarkers, these factors have been measured in CSF and serum of SCI patients
[62]. Kwon and colleagues found that among inflammatory cytokines measured 24 hours
after SCI, IL-6 and IL-8 were elevated in an injury severity-dependent fashion, but only one
inflammatory factor (the TNFa receptor TNFR1) was correlated with NP symptoms.
Cytokine expression following SCI is highly spatially and temporally dynamic, and future
work on the time course of cytokine expression will likely be needed to elucidate a serum or
CSF-derived pain biomarker in the clinic.

Imaging Biomarkers

Another promising avenue for pain biomarkers lies in the rapidly evolving field of
neuroimaging. In a study of 23 SCI patients, Finnerup and colleagues used T2-weighted
MRI to assess the relationship between gross morphological changes in white matter
integrity in SCI patients with NP (61%) and without NP (39%), and found a higher instance
of spinothalamic tract lesions (in conjunction with hyperexcitability) in patients with NP
[72]. Others have used functional magnetic resonance imaging (fMRI), which allows for the
detection of neural activation (albeit indirectly) in morphologically distinct areas of the brain
and spinal cord. As this technique can sensitively capture the robust SCI-induced
reorganization of the somatosensory cortex in rats, it may be an essential tool in measuring
maladaptive sensory plasticity in a translational fashion across species [73,74]. Wrigley and
colleagues demonstrated that light brush of the little finger in human SCI patients produced
neural activation in different areas of the contralateral post-central gyrus, depending on
whether the patient was exhibiting NP symptoms, indicating cortical reorganization in the
pain patients. Further, the extent of reorganization was found to be significantly correlated
with pain intensity [75]. In contrast, Jutzeler et al found greater reorganization in SCI
individuals without NP in comparison to with NP [76].

More recent work has employed MR spectroscopy to detect changes on specific metabolites
that may be correlated with increased pain. Stanwell and colleagues showed that the
concentration of myoinositol (Ins), a presumptive marker of glial activation in the anterior
cingulate cortex, was a potent indicator of the presence of NP following experimental SCI
[77]. This finding was supported in a study of human SCI patients, which showed that when
combined with the marker N-acetyl aspartate and glutamate-glutamine, levels of Ins could
be used to differentiate between patients with and without NP [78,79].

Biomarkers of structural plasticity

As NP following SCI is characterized as a form of nociceptive (mal)-adaptive plasticity, the
search for a biological predictor of this behavioral change has also led to the investigation of
structural changes on nociceptive neurons as a biomarker. Waxman and colleagues have
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demonstrated that the development of nociceptive hypersensitivity following SCI is highly
correlated with changes in the quantity and quality of dendritic spines on wide dynamic
range neurons in the spinal dorsal horns of spinal cord injured rats [80]. They found that rats
exhibited increased dendritic spine density as well as abnormal morphology (“mushroom
spines”) that was closely associated with SCI-induced decrease in withdrawal thresholds
from tactile stimuli and increased single unit spike firing, indicative of neuropathic allodynia
and hypersensitivity [80]. They have recently shown that the structural protein RAC1 may be
a key mediator in producing this spine dysgenesis, demonstrating a therapeutic effect of
RAC1 inhibition to reduce allodynia and restore dendritic spines to a normal state [81]. This
type of tissue-based measurement is enticing as a mechanistic pain measure, however it
remains unclear how such detailed morphology could be measured in a non-invasive manner,
which would be required for translational assessments.

A recent study using voxel-wise analysis of anatomical magnet resonance imaging data
looked at cross-sectional cervical cord area and volumetric brain changes after human SCI
patients with and without below-level NP [82]. In individuals with paraplegia a reduction in
the cross-sectional cervical cord area was associated with below-level NP, whereby cortical
changes were bidirectional [82].

Although there are many emerging biomarker candidates for pain and nociceptive changes in
SClI, to date there has been little work demonstrating their sensitivity and specificity in
human SCI. Further, SCI pain biomarker studies have largely focused on identifying acute
pathophysiological changes. Given the complexity and heterogeneity of time-dependent
secondary injury processes after SCI, it is not known whether these early candidate
biomarkers would be effective if measured in chronic SCI. Fortunately, preclinical genomic
and proteomic and image-based screening techniques continue to evolve. Future
developments in these areas have the potential to expedite cross-species translation and
accelerate therapeutic discovery.

3. Discussion

In the context of sensory changes/pain in SCI both forward-translation (preclinical to
clinical) and back-translation (clinical to preclinical) is important to link clinical phenotypes
with preclinical mechanisms (Figure 1). Clinical NP phenotypes in SCI have been well
described and can include spontaneous pain and/ or stimulus-evoked pain such as allodynia
(i.e., pain in response to a non-nociceptive stimulus) and hyperalgesia (i.e., increased pain
sensitivity) [83-85]. Typical human pain descriptors include: hot-burning, tingling, pricking,
pins and needles, sharp, shooting, squeezing, painful-cold and electric-shock-like [56]. This
broad and heterogeneous spectrum of phenotypes is proposed to reflect the diversity of the
underlying mechanisms which are currently not fully understood [47,86,87]. The
relationship between preclinically-revealed mechanisms and clinical symptoms might also
not be bivariate (e.g. one mechanism may give rise to more than one symptom) [88,89].
Recent research highlights the importance of appreciating distinct sensory profiles resulting
from multiple variables to draw conclusions about the underlying mechanism/ combination
of mechanisms [19,22,49,89-92]. As modulation and processing of sensory stimuli occurs
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on different levels along the neuroaxis the combined evaluation of multiple readouts can
help link preclinical mechanism to clinical phenotypes and accelerate translation.

Efforts to promote translation also must acknowledge model limitations. Currently, most
preclinical research assessing maladaptive sensory changes after SCI mainly uses rodent
animal models. However, SCI researchers recommend that NHP are placed within the
preclinical discovery pathway as there are several factors that limit direct translation from
rodents to humans [93- 95]. One crucial difference is the neuroanatomical arrangement of
the tracts within the spinal cord [95,96]. Given the phylogenetic difference between rodents
and humans, some pain-related targets function differently between species [97,98]. Studies
assessing maladaptive sensory changes after SCI in NHP suggest sensory changes
resembling certain human features of central pain including: supraspinal hyper-
responsiveness to at-level stimulation, evidence of below-level dysesthesia (depilitation,
overgrooming), symptoms that wax and wane over time, and unresponsiveness to
opioids[26,99]. However, future studies need to further investigate how the observed sensory
changes reflect neuropathic pain phenotypes observed in humans after SCI [100].

4. Conclusion

Pain in SCI is a pervasive and complex phenomenon. Yet development of outcome measures
for SCI pain that translate across species is less well developed than motor endpoints. We
review the existing literature on outcome measures for sensory changes after SCI, with a
specific goal of aligning measures across species. Further development of translational
sensory measures after SCI is area for ongoing work that has potential to improve
development of therapies to improve sensory outcomes.
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Figure 1.
To relate knowledge of mechanism gained in preclinical research to clinical phenotypes

(e.g., burning pain) efforts to link sensory and pain related outcome measures across species
are crucial.

Neurosci Lett. Author manuscript; available in PMC 2018 June 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Haefeli et al.

Sensory Outcome Measures Across Species.

Table 1

Rodent

Monkey

Human

\Von Frey filament testing

\on Frey filament testing
Mechanical allodynia
measurements

\on Frey filament testing
Light touch sensation
Pinprick sensation

Autotomy/picking
Over-grooming
\ocalization

Autotomy/picking
Over-grooming
Vocalization

Conditioned place
preference

Facial expressions

Pain questionnaires

. Pain type

. Pain descriptors
. Pain intensity

. Pain location

Electrical motor threshold

Electrical operant escape
response

Electrical perception threshold

Electrical vocalization
threshold

Electrical vocalization threshold

Electrical pain threshold

Cold allodynia/hyperalgesia
measurement

Cold allodynia/hyperalgesia
measurement

Cold detection threshold
Cold pain threshold

Heat motor threshold

Heat detection thresholds

Heat vocalization threshold

Heat pain thresholds
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