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Abstract

Spinal cord injury (SCI) impairs sensory systems causing allodynia. Measuring the development 

of allodynia in rodent models of SCI is challenging due to spinal shock and marked motor 

impairments. Assessment of SCI-induced allodynia is not standardized across labs, making 

interpretation of results difficult. Therefore, we validated sensory threshold assessment after SCI 

and developed a novel assessment of allodynia prior to motor recovery in a rat SCI model. One 

hundred fifty-six Sprague–Dawley rats received T8 laminectomy or mild to moderate SCI using 

the OSU SCI device (0.3 mm to 1.3mm cord displacement). To determine tactile thresholds, von 

Frey hairs (VFH) were applied in Up–Down or ascending order to the dorsal or plantar hindpaw. 

The most efficient and valid procedures that maintain high sensitivity and specificity were 

identified. Ten Up–Down VFH applications yielded stable thresholds; reducing the risk of 

threshold decay and unnecessary exposure to painful stimuli. Importantly, distraction of SCI-rats 

with food revealed differential decay of thresholds than when distraction is not provided. The new 

test uses dorsal VFH stimulation and is independent of trunk or hindlimb control. Acute dorsal 

VFH thresholds collected before recovery of hindlimb weight support accurately predicted plantar 

VFH thresholds measured at late timepoints (χ2=8.479; p<0.05). Thus, standardized testing early 

after SCI using the dorsal VFH test or later using 10 stimuli in the Up–Down test produces valid 

measures of tactile sensation across many SCI severities. Early detection of allodynia in 

experimental SCI will allow identification of mechanisms responsible for pain development and 

determine targets for therapeutic interventions.
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 Introduction

Over two-thirds of individuals with spinal cord injury (SCI) experience devastating effects of 

neuropathic pain on their daily lives (Crozier et al., 1991; Finnerup et al., 2001; Siddall et 

al., 2003, 1999a; Widerstrom-Noga et al., 2001). Allodynia, a common form of SCI-induced 

pain, occurs when normally innocuous stimuli produce painful responses.

While several models of SCI exist, the requisite cognitive and attentive aspects of pain in 

each model remain unclear. Aversive paw withdrawal to tactile stimulation serves as a proxy 

for pain but factors which influence movement will confound the measurement of sensation 

(i.e. naturally-occurring diurnal fluctuations in activity (Gobel and Cordes, 1990; Lemmer, 

1991) and experimentally-induced paralysis or paresis). Thus, standardized procedures 

which control seemingly unrelated factors are especially important in SCI testing. However, 

many sensory testing approaches exist for SCI often with little description of key parameters 

like acclimation methods, testing environment, initial VFH force and number of VFH 

applications (Table 1). To date only one procedure appears to be standardized—all testing 

paradigms require hind limb motor control before testing begins. By necessity then, the 

earliest readout of sensation occurs weeks after SCI. Whether acute assessments can be 

developed remains unclear but represents an important, uncharacterized time point in below-

level neuropathic pain development.

Currently, three methods detect below-level allodynia after experimental SCI by 

manipulating the frequency, quality or intensity of von Frey hair monofilaments (VFH) 

applied to the hindpaw (Table 1). The most common method relies on frequency of 

responses to sub- or supra-threshold stimulus. To be considered allodynia, more responses to 

sub-threshold stimulation must occur relative to normal. The two remaining paradigms 

define allodynia as a marked reduction in tactile thresholds. The ascending method applies 

VFHs in consecutive, ascending order until paw withdrawal occurs at least 50% of VFH 

applications (Chaplan et al., 1994). The Up–Down method determines the threshold by 

alternating VFHs according to the presence or absence (pattern) of paw withdrawal. Up–

Down thresholds are calculated in two ways—using mathematical formulas established by 

Dixon (Chaplan et al., 1994; Dixon, 1965, 1980) or the 50% response threshold (Lindsey et 

al., 2000). While good validity exists for ascending and Dixon-derived thresholds in 

peripheral nerve injury models of allodynia (Chaplan et al., 1994), no validation for SCI 

exists.

Our primary aim is to determine sensory testing methodologies which deliver sensitive, valid 

and accurate estimates of sensation across a range of motor impairments, SCI severities and 

acute through chronic time points. For acute assessment, we developed and report validity 

results for VFH testing on the dorsum of the paw as early as 1 week post SCI. For subacute 

and chronic assessments, we employed our database of over 150 rats tested with Up–Down 

procedures to attain necessary design parameters. Analyzing this large population allowed 
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for standardized testing conditions, thereby minimalizing the influence of small random 

effects, and the applicability of testing methods across the broad distribution of injury 

severity seen after SCI. We addressed four experimental objectives (Table 2) using tests of 

criterion-related validity, convergent validity, responsivity, and threshold stability. 

Importantly, the Up–Down measures were compared to two gold standard assessments 

ascending VFH and Dixon’s estimate of sensory thresholds (Chaplan et al., 1994; Dixon, 

1965, 1980). This work was reported in abstract form (Clark et al., 2009; Detloff et al., 

2008a).

 Methods

 Subjects and surgeries

One hundred fifty-six adult Sprague–Dawley rats (146 female, 10 male; 209–310 g; Harlan, 

Indianapolis, IN) were randomly assigned to one of nine groups: Naïve, laminectomy 

control (LAM), or SCI groups with injuries caused by 0.3 mm, 0.5 mm, 0.7 mm, 0.9 mm, 

1.1 mm, 1.25 mm, 1.3 mm spinal cord displacements. By using a wide range of 

displacements, we assessed whether techniques to quantify tactile sensation are valid and 

perform consistently across injury severities with axonal loss from 0 (naïve, LAM) to >90% 

(1.25 or 1.3 mm). The distribution of rats for our specific research aims appears in Table 2. 

Rats were housed 2–3 per cage in a 12-h light-dark cycle with food and water at all times. 

All experimental procedures were approved by The Ohio State University Institutional 

Laboratory Animal Care and Use Committee.

Laminectomy and spinal cord contusion surgeries were performed as described previously 

(Kloos et al., 2005). Rats were anesthetized with ketamine (80 mg/kg)–xylazine (20 mg/kg) 

and given prophylactic antibiotics (gentocin, 1 mg/kg). After removing the T8 lamina, the 

spinal cord was rapidly displaced 0.3–1.3 mm using The Ohio State University 

Electromagnetic Spinal Cord Injury Device creating a broad range of injury severities from 

Mild to Severe (Jakeman et al., 2000). The incision was closed in layers and 5 cc of sterile 

saline was administered subcutaneously to prevent dehydration. All rats received antibiotics 

daily for 1 week following SCI and bladders were manually expressed twice daily until self-

voiding occurred. Oral Vitamin C was given to all rats daily until sacrifice to prevent urinary 

tract infections (Behrmann et al., 1992).

 Histology

Rats underwent transcardiac perfusion with 0.1 M phosphate buffered saline then 4% 

paraformaldehyde followed by sucrose cryoprotection. The lesion site was transversely 

sectioned (20um) and stained for myelin using luxol fast blue or eriochrome cyanine. The 

section with the largest lesion and least amount of stained white matter represented the 

lesion epicenter. The area of stained white matter at the epicenter divided by the total cross 

sectional area of the cord served as a measure of injury severity (Kloos et al., 2005).

 Behavioral measures

All behavioral tests were conducted by raters who were masked to SCI severity. To 

determine valid and responsive measures of below-level sensation across a broad range of 
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SCI, we compared 3 different techniques—two approaches that are well-established for 

peripheral nerve injury (ascending, Up–Down) and a new modified ascending technique for 

the dorsum of the paw (dVFH). All sensory testing techniques were conducted using von 

Frey hair monofilaments (VFH, Stoelting Co., Wood Dale, Illinois) with bending forces 

calibrated from 6 g to 125.9 g. To eliminate diurnal variation on sensation, all sensory 

testing for each technique occurred at the same time of day (Gobel and Cordes, 1990; 

Lemmer, 1991). Additionally, all rats were isolated in a separate room during testing to 

prevent unfavorable visual, olfactory and ultrasonic auditory cues between rats that produce 

anticipatory hypervigilant behavior and aberrant sensory results (Basso, 2004; Brudzynski 

and Chiu, 1995; Brudzynski and Ociepa, 1992; Calvino et al., 1996; Cuomo et al., 1992).

 Ascending von Frey Testing Procedures

 Testing environment—Rats were placed in an inverted Plexiglas cage (20 cm×9 

cm×10 cm) with a wire mesh bottom (0.635 cm grid size) allowing access to the plantar 

surface of the hind paws. To prevent visualization of VFH application to the paw and reduce 

apprehension and freezing behavior, sugared cereal was provided throughout acclimation 

and testing. Rats were tested only when eating sugared cereal. Rats actively eat before, 

during and after the stimulus thereby preventing the conditions for Pavlovian learning and 

providing us with a method to standardize attention across animals with different injury 

severities.

 Application of the tactile stimuli—The purpose of the ascending method is to begin 

sensory testing in a range well below the sensory threshold and gradually increase the 

stimulus strength until the sensory threshold is crossed. The lowest VFH (6.0 g) was applied 

perpendicularly to the mid-plantar hindpaw approximately 1 cm posterior to the footpad of 

the middle phalange at a slow, consistent speed until it bent, then it was removed (~1 s). 

Immediate, brisk withdrawal of the paw to VFH application constituted a positive response 

(Detloff et al., 2008b; Hutchinson et al., 2004; Kloos et al., 2005; Lindsey et al., 2000). The 

VFH was applied to the paw 10 times with each touch separated by 30–60 s to avoid wind-

up. The number of positive responses to 10 touches was recorded. Any stimulus that lifted 

the paw, thereby producing proprioceptive rather than tactile input, was discarded and 

retested after an interstimulus delay of at least 30–60 s. The bending force of the VFH 

stimulus was logarithmically increased every 10 applications until a≥50% paw withdrawal 

response occurred or the highest VFH was reached (125.9 g). A total of 90 stimulus 

applications are possible with the ascending method (9 VFHs applied 10 times each). The 

tactile sensory threshold equaled the weakest force to elicit paw withdrawal on at least 50% 

of the stimulus applications (Chaplan et al., 1994).

 Testing schedule—Rats were habituated to the testing environment for twenty minutes 

once a day for 5 days prior to testing. After SCI, plantar VFH testing began when evidence 

of hind limb motor control (i.e. weight support) recovered as evidenced by a score of 9 

during Basso Beattie Bresnahan Locomotor Rating (BBB; (Basso et al., 1995)). Recovery of 

hind limb weight support is dependent upon lesion severity, with the majority of SCI-rats 

recovering stepping between 7 and 21 days after injury. This criterion ensured that all rats 

had sufficient trunk control to enable hindpaw withdrawal from an unpleasant stimulus. The 
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dependence of plantar testing on moderate motor recovery necessarily precludes early 

sensory testing (Detloff et al., 2008b; Hutchinson et al., 2004; Kloos et al., 2005; Lindsey et 

al., 2000).

 Up–Down testing procedures

 Testing environment—The testing environment described for ascending methods was 

used for Up–Down testing.

 Application of tactile stimuli—The purpose of the Up–Down method is to cross the 

sensory threshold several times and successively titrate the stimulus strength in both sub- 

and supra-threshold ranges to reach the true sensory threshold. Testing began with the 15.14 

g VFH applied perpendicularly at a slow, consistent rate (~1 s) to the L5 plantar dermatome 

of the paw (1 cm posterior to the foot pads, as described above in the Ascending Testing 

Procedures). When a brisk, immediate paw withdrawal occurred, the next lower VFH was 

applied. When no hindpaw withdrawal occurred, the next higher VFH was applied. Twenty 

stimulus applications were used and approximately 30–60 s separated each touch. In the rare 

occurrence when a VFH lifted the paw, the trial was discarded and retested following the 

standard interstimulus interval. The tactile sensory threshold was defined as the lowest gram 

force to produce hind paw withdrawal on at least 50% of its applications.

 Testing schedule—All rats were habituated for one twenty minute session per day 

across 5 days before baseline testing occurred. Postoperative Up–Down testing began once 

rats demonstrated weight support and some hind limb motor control during open field BBB 

testing (BBB score of 9).

 Dorsal von Frey Testing Procedures

 Testing environment—The purpose of dVFH testing is to identify tactile sensory 

thresholds during the acute period of SCI, before weight support or trunk control recovered. 

The head and forequarters of each rat were wrapped loosely in a clean hand towel which 

prevented visualization of the VFH stimulus, provided stability and trunk control and 

produced a calming effect (possibly due to the dark environment). Using the towel wrap, the 

examiner supported the rat so that the hindpaw lightly rested on a table surface.

 Application of tactile stimulus—Assessment began with the 6.0 g VFH and 

continued in an ascending progression. Each VFH was applied perpendicular to the dorsal 

surface in the same dermatome as testing on the plantar surface of the hind paw between the 

first and second metatarsal approximately 1 cm proximal to the joint. Aversive hind paw 

withdrawal consisted of paw movement posteriorly or externally while flexing the hind limb. 

Each VFH was presented 3 times and the number of hind paw withdrawals was recorded. 

The next larger VFH was applied unless paw withdrawal occurred in at least two of the three 

applications or until the largest VFH was reached (125.9 g). The initial stimulus was applied 

only after the rat was calm and quiet in the hand towel for at least 10 s. The standard 

interstimulus interval of 30–60 s was applied for every subsequent stimulus application. 

Tactile sensory threshold was determined as the lowest force which elicited paw withdrawal 

at least 66% of the time. We used 3 trials per VFH in the dVFH test because it reduced 
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testing time, prevented the risk of wind up and minimized exposure to potentially 

nociceptive stimuli.

 Testing schedule—Rats were acclimated to the testing environment for one ten minute 

session per day across 5 days before testing occurred. Because of the shorter testing time, 

acclimation times to the testing environment was shortened due to the fact that assessment 

using dVFH methods requires less time than conventional plantar VFH techniques. 

Importantly, by the end of the 5 sessions, rats were calm and comfortable with the testing 

environment. Testing began at 7 dpo to avoid the period of spinal shock.

 Mathematically derived threshold estimate

Methods used in peripheral nerve injury models suggest that the pain threshold can be 

estimated with as few as 6 Up–Down VFH applications (Chaplan et al., 1994; Dixon, 1965, 

1980). Since we do not know whether tactile sensory thresholds can be estimated with so 

few trials after SCI, we utilized one of two formulas established by Dixon to estimate 

thresholds when at least 6 VFH stimuli are applied (Dixon, 1965, 1980). Both formulas are 

designed to estimate sensory thresholds based on the pattern and frequency of withdrawal 

responses during Up–Down VFH testing. A negative (−) response requires the next higher 

force be applied, while a positive (+) response leads to a lower applied force on the 

successive VFH application. N′ is the absolute number of responses recorded in the hind 

paw test (For Fig. 1, N′=20). Although all N′ responses were recorded in the hindpaw test, 

the Dixon threshold estimation procedures only include stimuli that are close to the actual 

threshold (Dixon, 1980). That is, a string of like responses (i.e. all negatives (−) or all 

positives (+)) produced at the beginning of the trial (i.e. as the threshold is being 

approached) are excluded from the calculation of the mathematical estimate. N is the 

number of stimulus applications included in the threshold estimate analysis. It is the total 

number of stimuli applied reduced by one less than the string of like responses at the 

beginning of the series. Importantly, the last stimuli before the sensory threshold is first 

crossed (the first hindpaw withdrawal) is included in the sample N. In other words, the two 

stimuli that first straddle the pain threshold are included in the sample N and are integral in 

accurately assessing Dixon’s threshold estimates (for Fig. 1, N=19). Conceptually, the first 

hindpaw withdrawal indicates the sensory threshold has been crossed and subsequent 

delivery of sub and suprathreshold VFHs should produce alternating + and − responses. The 

true sensory threshold is bracketed by the positive and negative responses to graded stimulus 

strengths (Fig. 1; 58.82 g force; solid line). When N=6 stimuli are included, the following 

formula was used: 50% g Threshold = xf + kd; where xf is the force of the last VFH applied, 

k is a tabular value based on the pattern of + and − responses to stimuli presented after the 

sensory threshold is crossed from a table presented by Dixon (Dixon, 1980), and d is the 

mean difference (in log units) between applied stimuli (i.e. highest minus lowest applied 

force (Chaplan et al., 1994; Dixon, 1980)). For example, xf=28.84 g, k=0.737, and d=0.42 

and the 50% g Threshold estimate is 58.82 (Fig. 1).

To determine whether higher accuracy of the threshold estimate could be obtained, we 

examined estimates when N′=10, 15, or 20 applied stimuli. Using similar criteria, a string of 

like responses at the beginning of the test were excluded, and the remaining stimuli were 
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incorporated into the following formula that accommodates larger data sets: 50% g 
Threshold=(ΣXi/N)+(d/N)×(A+C), where N is the number of trials after the threshold is first 

crossed, Xi is the force applied during each trial, d is the mean difference between applied 

stimuli, and values for A and C can be determined from a table published by Dixon (Dixon, 

1965). In the table, n0 refers to the number of O’s and nx refers to the number of X’s in the 

final N trials. For example, when N=19, ΣXi=107.52, d=0.42, A=1.53 and C=0.16 leading to 

a threshold estimate of 49.69 g force (Fig. 1). These threshold estimates were determined for 

N=6 in replication of methods established by Chaplan (Chaplan et al., 1994) and for N′=10, 

15 or 20 responses and compared to the thresholds obtained by the Up–Down method 

mentioned above. The term Up–Down 20 means that 20 stimuli were applied and so forth.

 Analysis of threshold decay

Tactile sensory thresholds can decay during a testing session if too many stimuli are applied, 

if stimuli are applied in rapid succession (wind-up) or if the rat sees the stimulus as it is 

applied. For Up–Down testing, we defined threshold decay as 3 or more consecutive positive 

responses to successively lower VFH forces after crossing the threshold (first +; see Fig. 

4B). In 292 hind paw Up–Down 20 tests (20 trials) with food, we determined the prevalence 

of threshold decay, at what point in the stimulus train threshold decay occurred, and whether 

threshold decay changed the tactile sensory classification (i.e. Allodynic or Non-Allodynic). 

In a subset of rats (n=11), we compared the incidence of threshold decay with and without 

food measured 5–7 days apart at 28–35 dpo.

 Statistical analyses

Tests of criterion-related and convergent validity included Cohen’s Kappa, Chi-Square 

analysis, regression and other descriptive statistics (sensitivity, specificity, negative 

predictive value, positive predictive value, percent agreement) were calculated to determine 

the fidelity of the Up–Down 20 testing methodology to gold standard techniques as well as 

compare the predictability of early dorsal VFH for later plantar testing. Threshold stability 

was compared using a one-way ANOVA with Tukey’s post hoc was performed to determine 

if food during VFH testing altered the paw withdrawal threshold. Correlations were 

determined using Spearman’s Rank test. Data are represented as mean±SEM. To determine 

responsiveness, we compared actual threshold values to Dixon estimates for 6, 10 and 15 

VFH applications.

 Results

 The Up–Down method accurately identifies normal and allodynic-like sensation after SCI

To identify tactile withdrawal thresholds across SCI severities, we observed sensory 

recovery in 156 rats after mild, moderate, or severe SCI. We selected 28.84 g as the cut off 

for the allodynic-like threshold. The mean threshold for responses to below-normal stimuli 

in SCI rats ranged from 12.4 to 20.4 g. For 5 of 7 SCI severities examined in this meta-

analysis, the threshold lay between 15 and 28 g; therefore, we selected 28.84 g as the cut off 

to indicate allodynic-like thresholds. This threshold represents a reduction of stimulus 

strength greater than 50 g which still elicits paw withdrawal.
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Analysis of spared white matter revealed that the incidence of tactile allodynia increased 

with injury severity (Fig. 2). After SCI, paw tactile sensitivity dropped by 63% to at least 

28.8 g force compared to 75 g force of naïve rats (χ2=7.103, p<0.01). Using 28.8 g force as 

the allodynic threshold, 50–83% of rats with moderate to severe SCIs developed below-level 

hypersensitivity compared to only 7% of rats with mild injuries and 0% of Naïve or LAM 

groups (Fig. 2). If white matter sparing was greater than 10–15%, then rats have a 1 in 5 

chance of developing hind paw allodynia; however, if less than 10% white matter is spared 

after SCI, then 4 out of 5 rats will develop below-level hypersensitivity. The Up–Down 

technique yielded almost no false positive withdrawals due to lifting the paw with the VFH 

(2.5±0.6%). The rate was ~1 lift in 60 VFH applications. To establish criterion validity, we 

compared Up–Down 20 derived sensory thresholds to the gold standard Ascending method. 

Rats were classified into allodynic and non-allodynic groups based on a 28.8 g (+5 g) force 

cut-off. The Up–Down 20 method demonstrated perfect agreement (100%) with the gold 

standard classifications (κ=1.0). The thresholds from Up–Down 20 strongly correlated to 

ascending thresholds (Fig. 3; r=0.90; p<0.0001). High sensitivity, specificity, negative and 

positive predictive values (100%, for each variable) confirmed that Up–Down 20 performs 

synonymously to the Ascending method.

 Accurate tactile sensory thresholds are derived with only ten VFH applications after SCI

To establish convergent validity of the Up–Down 20 methods, we compared actual sensory 

thresholds to mathematically-derived threshold estimates using the Dixon equation for 

increased number of stimuli (Dixon, 1980). Dixon estimates have been validated for 

allodynic sensory thresholds after peripheral nerve injury (Chaplan et al., 1994). Hind paws 

were classified into allodynic and non-allodynic clusters based on Up–Down 20 actual 

thresholds. Excellent fidelity occurred between actual Up–Down 20 thresholds after SCI and 

mathematic estimates for both allodynic (97.56% agreement) and non-allodynic clusters 

(78.44% agreement; Table 3). Thus, the Up–Down 20 thresholds strongly agreed with 

validated threshold estimates for each cluster (κ=0.71).

The standard Up–Down 20 method relies on 20 applications to quantify sensory thresholds 

after SCI, but in peripheral nerve injury models, far fewer stimuli are needed. We 

determined the fewest Up–Down applications needed to accurately identify sensory 

thresholds after SCI. For each cluster, we calculated Dixon’s mathematical threshold 

estimate for 6, 10, or 15 stimuli and compared them to the standard Up–Down 20 threshold 

(Table 3). Thresholds derived from 10 or 15 stimulus applications using Dixon’s 

mathematical estimates showed nearly perfect agreement to actual thresholds for the 

allodynic cluster (93.5–95.93%, Table 3). Non-allodynic thresholds also demonstrated 

72.18–76.92% agreement between estimated and actual values for 10 or 15 applications. 

Taken together, as few as 10 Up–Down stimuli are needed to accurately detect allodynic and 

non-allodynic sensory thresholds after SCI. Sensory thresholds derived from only 6 stimuli 

after SCI had the lowest agreement with Up–Down 20 (κ=0.48) compared to estimates using 

10, 15, or 20 stimulus applications (κ=0.63, 0.65, 0.7,1 respectively).
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 Testing without food distraction increases tactile threshold decay

In the Up–Down method, failure to remove the paw from the stimulus indicates a lack of 

painful sensation and necessitates stimulation with a larger, more forceful VFH until 

withdrawal occurs. It assumes that the first positive response after a negative stimulus is near 

the pain threshold and all subsequent Up–Down trials will alternate around this threshold. 

Thus, a string of positive responses indicates a decay in the sensory threshold possibly due 

to wind-up, heightened attention and/or hypersensitization. We define threshold decay as 

three or more consecutive positive responses (+) to successively lower VFH forces after a 

single negative (−) response (Fig. 4). Under standard Up–Down 20 methods, 22% of hind 

paws exhibit threshold decay. Of those with decay, 71% occurred in allodynic ranges (<28.8 

g) and 29% occurred in non-allodynic ranges. This discrepancy likely reflects the smaller 

range of forces tested within the allodynic thresholds compared to the broad logarithmic 

range in non-allodynic thresholds. A typical Up–Down 20 test classified as allodynic may 

span only 8 g force over 4 VFHs; while a non-allodynic test would cover 110 g force over 4 

VFHs, making decay less likely to occur. Interestingly, in instances of decay, the 

classification of the sensory threshold as allodynic or non-allodynic rarely changed (27%).

To ensure that limb withdrawal is due to tactile stimulation, visualization of stimulus 

application by the subject must be avoided. Current lab protocols maximize distraction and 

preclude visualization of the VFH by ensuring that the rat accepts and eats sugared cereal 

throughout testing. However, pairing food with a withdrawal response may impose 

Pavlovian learning. To determine whether the presence or absence of food during testing 

affected Up–Down 20 thresholds after SCI, we compared the same rats 5–7 days apart. 

Seventy-three percent of rats were classified identically whether thresholds were obtained 

with or without food distraction. Surprisingly, withholding food increased sensory decay to 

55% of hind limbs compared to 27% with food provided (Fig. 5). Since the incidence of 

threshold decay was different when the rat was tested in the presence or absence of food 

suggests that supraspinal modulation of the paw withdrawal reflex occurs after incomplete 

SCI.

 Novel dorsal VFH test accurately and reliably predicts Up–Down thresholds at chronic 
timepoints

Dorsal VFH thresholds obtained acutely at 7 days after SCI had high agreement (79–80%) 

with those derived using Up–Down methods (Table 4; κ=0.32). Dorsal thresholds 

maintained high agreement across a broad range of contusion severities (Fig. 6A), in both 

males and females (data not shown). These data confirm previous findings from our 

laboratory that allodynic thresholds are an all-or-none response which occur in more severe 

contusions (Kloos et al., 2005). Importantly, regression analysis revealed that dorsal 

thresholds at 7 dpo strongly predicted plantar thresholds at chronic time points (Fig. 6B; 

r=0.67; p<0.01). Chi square, sensitivity and specificity analyses showed that the new Dorsal 

VFH method identifies tactile sensory thresholds acutely as well as predict chronic 

hypersensitivity after SCI with 100% accuracy (Fig. 6B; χ2 = ; sensitivity = 1; specificity =1; 

positive predictive value=1; negative predictive value=1). Normal sensory thresholds were 

predicted with 100% accuracy when compared to the Up–Down 20.

Detloff et al. Page 9

Exp Neurol. Author manuscript; available in PMC 2016 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Discussion

This study strived to establish behavioral approaches necessary to elucidate relevant 

mechanisms of neuropathic pain in animal models of SCI. Without clinically-relevant SCI 

models and valid sensory testing paradigms, the risk of investigating mechanisms which are 

not applicable to people with SCI-induced pain remains high. The present study 

demonstrates excellent convergent and criterion-related validity of the Up–Down 20 method 

for below-level tactile thresholds after SCI having complete agreement with the Ascending 

method and strong agreement with Dixon’s mathematical threshold estimates. Furthermore, 

good validity and accuracy of sensory thresholds occurs with only 10 Up–Down VFH 

applications, thereby limiting exposure to noxious stimuli and increasing efficiency. 

Providing food distraction reduced threshold decay and improved the accuracy of Up–Down 

testing. An inherent limitation of plantar Up–Down testing is the dependence on motor 

recovery, trunk stability and weight support. We developed a novel dorsal VFH test which 

overcomes these limitations and derives accurate and valid tactile thresholds of the paw as 

early as 7 days after SCI. It detects tactile thresholds within allodynic and non-allodynic 

ranges across lesion severities and predicts chronic Up–Down thresholds with good fidelity.

 Evidence for using a rat contusion model to study SCI-induced allodynia

The OSU spinal cord contusion model is a valid model of below-level allodynia with strong 

similarities to human SCI. Lesion shape, size and type in experimental SCI correspond to 

clinical presentation (Bresnahan et al., 1991; Bunge, 1994; Bunge et al., 1997). The resulting 

sensory impairments in experimental models mimic those in people with SCI and may 

foreshadow similar cellular responses (Basso et al., 1996; Detloff et al., 2008b; Kloos et al., 

2005; Siddall et al., 2003, 1999a). Remote inflammation after SCI may be one cellular 

mechanism of neuropathic pain given its common incidence in people and animals (Detloff 

et al., 2008b; Hains and Waxman, 2006; Peng et al., 2006; Zhao et al., 2007a,b) with SCI-

induced allodynia. That light, innocuous touch evokes nocifensive responses in rats and pain 

responses in people with SCI further strengthens the translational relevance of our 

experimental model (Detloff et al., 2008b; Hutchinson et al., 2004; Kloos et al., 2005; 

Siddall and Loeser, 2001). Evidence that food distraction stabilizes sensory thresholds after 

experimental SCI provides support for the translational relevance of contusion models and 

points to retention of supraspinal processing in allodynic conditions.

The relative alignment of behavioral and cellular evidence of pain between experimental SCI 

and clinical presentation does not fully establish that aversive withdrawal to innocuous 

stimuli indicates allodynia. A critical distinction unresolved by the current study is whether 

withdrawal is due to hyperreflexia or allodynia. For this paper, our interest was to identify 

valid, behavioral testing techniques which provide a stable measure of threshold detection in 

rats with SCI. Whether those thresholds reflect hyperreflexia or pain remains to be 

determined. Regardless, valid behavioral measures which are responsive to change enable 

scientists to identify mechanisms and treatments for either of these two devastating clinical 

conditions.
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 Current methods to assess below-level allodynia

It is critical to accurately identify and classify aberrant sensory behavior after SCI; yet no 

assessments of below-level allodynia to date have been validated. Widely-used approaches 

quantify the shift in sensory threshold from normal to hypersensitivity using Ascending or 

Up–Down techniques. An alternative approach uses withdrawal frequency to normally 

innocuous and noxious stimuli and does not determine sensory threshold (Table 1). Since 

SCI-induced allodynia is an all-or-none response (Kloos et al., 2005), small improvements in 

tactile thresholds may represent the difference between chronic severe pain and near normal 

quality of life for people with SCI. Thus, methods which derive presumptive pain thresholds 

may facilitate better translation of mechanistic studies to the clinic. Stable thresholds can be 

attained in experimental SCI models under well-controlled testing conditions. By 

minimizing confounders like time of day, stress, anticipation, and inter-rat communication, 

we generated remarkably similar sensory thresholds using three threshold-testing paradigms

—Up–Down, Ascending and dorsal VFH. Thresholds ranged from 2.04 to 28.8 g for 

allodynic rats and 38.68 to 125.8 g for non-allodynic rats across the three paradigms. 

Moreover, we classified rats into allodynic and non-allodynic classes with near-perfect 

agreement across the three methods (κ=0.71–1.0; Figs. 2 and 3 and Table 3). That is, using 

Up– Down and Ascending methods yield the same numerical threshold. Importantly, our 

standard Up–Down 20 method demonstrated high criterion-related validity with the 

ascending approach and strong convergent validity with Dixon threshold estimates. That the 

Up–Down paradigm could generate the same paw withdrawal threshold as the Ascending 

method with at times 30 fewer stimulations, limits confounders like anxiety and stress on the 

animal’s well-being as well as the threshold value.

Differences in normal sensory thresholds exist between SCI studies and peripheral nerve 

injury (Table 1, (Chaplan et al., 1994)). Normal thresholds generated in our SCI studies are 

markedly higher indicating that stronger VFH forces produced patterned withdrawals. It 

does not appear that our thresholds are specific to SCI given that similar allodynic and non-

allodynic thresholds occurred for SCI and spinal nerve ligation (Detloff et al., 2008a).

 Effect of cognitive distraction on stabilization of below-level sensory thresholds

To generate authentic sensory thresholds after SCI, our data suggest that reducing the 

frequency of stimulation and providing food distraction improve validity and reduce 

threshold decay. Threshold decay represents an artificially low sensory threshold typified by 

a string of withdrawal responses to successively lighter tactile stimuli (Chaplan et al., 1994). 

Normally, the Up–Down method produces an alternating response pattern as stimulus 

strength increases or decreases. During decay, the alternating pattern is replaced by a train of 

positive responses to ever lighter stimuli. Threshold decay in naïve rats occurred with 81 

stimuli and approximated neuropathic pain levels (Chaplan et al., 1994). In SCI rats with 

threshold decay, 15 stimuli initiated this decay when no distraction was provided. Therefore, 

fewer than 15 VFH applications should be used to derive thresholds when no food 

distraction is given. Up to 30 stimuli can be used with food distraction before decay occurs. 

While Dixon and others suggest that 6 stimuli are sufficient to generate valid threshold 

estimates (Chaplan et al., 1994; Dixon, 1965, 1980), we found 6 to be the least effective as it 

produced the highest variability, lowest convergent validity and least agreement with other 
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testing methods. We show good agreement and convergent validity for below-level sensory 

thresholds derived when 10 stimuli are applied. Whether Up–Down testing with only 6 

stimuli produces valid tactile thresholds for above- or at-level allodynia after SCI remains to 

be determined. Taken together, our data suggest that any paradigm (response frequency or 

threshold derivation) which applies more than 10 stimuli to an undistracted SCI-rat or 30 

stimuli to a distracted rat will likely result in invalid sensory assessments.

The cellular mechanisms of threshold decay have not been elucidated, however we show that 

supraspinal processing protects against decay. By providing food distraction during testing, 

sensory thresholds were more stable and decay occurred in relatively low numbers (<25% 

for an individual study and across our population to date). Threshold decay was twice as 

likely when distraction was not provided. The robust increase in the incidence of decay 

cannot be easily explained by stimulus visualization, stress, or anxiety as there was no 

freezing behavior, pyloerection of the fur, or porphorin release in the non-distracted 

condition. Rather, food distraction may be minimizing hypervigilance, an anticipatory state 

in which the threat of pain activates fear and emotional centers in the brain (Brown and 

Jones, 2008; Burgmer et al., 2009; Ushida et al., 2005). Perhaps the most dramatic example 

of hypervigilance in rodents occurs when naive animals observe painful responses in 

cagemates and then execute hyperalgesic responses themselves (Langford et al., 2006). A 

variety of interventions at the supraspinal, cognitive processing level, including food 

distraction, stabilizes sensory perception in humans and animals by tempering hypervigilant 

behavior (Aminabadi et al., 2008; Casey and Morrow, 1983; Ford et al., 2008; Hoffman et 

al., 2008) and potentially modulating mu opioid receptors (Fields, 2004; Mason, 2005). 

While food distraction does not completely eliminate threshold decay in our hands, it 

provides important evidence that our below-level testing methods are likely capturing 

supraspinal involvement associated with the withdrawal response. Without distraction, these 

testing paradigms may be more heavily dependent on spinal cord mediated mechanisms 

which requires further study.

 Early detection of sensory dysfunction after SCI

The Dorsal VFH test was created to determine pain thresholds of the hindpaw acutely after 

SCI when below-level function is limited. The Dorsal VFH test employs a modified 

ascending method which minimizes the number of painful stimulations (at most 3) and 

reduces the possibility of wind-up, hypervigilance and threshold decay. Using predictive 

validity tests, we established that Dorsal VFH testing as early as 1 week after SCI accurately 

estimates chronic Up–Down pain thresholds across a range of injury severities (Table 4; Fig. 

6) making it a powerful tool in determining allodynic mechanisms after SCI. Indeed, we 

recently showed that proinflammatory cytokines in L5 dorsal horn were positively correlated 

with allodynia measured dorsally, further validating the technique (Detloff et al., 2008b). To 

our knowledge, this is the only below-level tactile sensory test capable of producing valid 

thresholds during acute SCI.

Detloff et al. Page 12

Exp Neurol. Author manuscript; available in PMC 2016 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Conclusions

Below-level allodynia is a complex perception that results from a plethora of SCI-induced 

factors which drive its development and persistence. Ameliorative treatment of below-level 

allodynia will likely require combinatorial strategies to both prevent and combat 

mechanisms responsible for this disease. Early detection of allodynia in experimental SCI 

will for the first time allow researchers to identify the cellular substrates which underlie 

below-level neuropathic pain, thereby providing potential targets for therapeutic or 

rehabilitative interventions in the clinic.
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Fig. 1. 
Presence (+) or absence (−) of paw withdrawal to 20 successive von Frey stimuli. In the Up–

Down 20 and Dixon derived thresholds, the behavior of the hind paw to the stimulus 

influences the next force which is to be applied. When paw withdrawal is absent, stronger 

stimuli are applied until withdrawal returns. Then, lighter stimuli are delivered until the paw 

fails to withdraw. The perceptual threshold lies between the positive and negative responses. 

Once the threshold is crossed, this method should produce alternating positive and negative 

responses. The reported pain threshold for the Up–Down 20 method in this case would be 

75.86 g (the lowest gram force that produced hind paw withdrawal at least 50% of its 

applications), while Dixon’s mathematical threshold estimate is bracketed by the positive 

and negative responses (53.17, solid line). Importantly, the precision of the derived threshold 

depends on the range of applied forces. Under normal conditions, there is a large range in 

applied forces due to the logarithmic design of the von Frey stimuli, producing less precise 

thresholds.
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Fig. 2. 
Mean allodynic and non-allodynic tactile sensory thresholds grouped by percent white 

matter sparing (WMS) for von Frey Up–Down testing with 20 stimulus applications. The 

highest percentage of rats displaying allodynic thresholds (middle row) had <10% WMS. 

Note that the allodynic threshold remains constant regardless of the severity of SCI. Non-

allodynic thresholds remained stable across all SCI severities despite a wide percentage of 

those responding (17–72%).
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Fig. 3. 
Validation of Up–Down ‘20 von Frey hair testing protocol. Similar tactile sensory thresholds 

were derived when applying the Up–Down ‘20 VFH protocol or the gold standard 

Ascending method (n=12; R=0.90, p<0.001). Categorization of hind limb responses using 

Up–Down ‘20 and Ascending methods into allodynic or non-allodynic groups resulted in 

perfect agreement between the two testing paradigms (κ=1).
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Fig. 4. 
Positive and negative responses to von Frey stimuli throughout a single testing session. (A) 

Representative example of non-allodynic response pattern during Up–Down 20 testing after 

spinal cord injury. The hind paw responds with alternating positive (+) and negative (−) 

responses successively, thereby bracketing the Dixon mathematical threshold estimate (solid 

line; 57.51). (B) Response patterns demonstrating 3 successive positive responses or 

threshold decay (denoted by the bracket) after SCI. Threshold decay drastically reduces the 

pain threshold and heightens sensitivity to tactile stimuli (Dixon estimate=20.99; solid line). 

It most often occurs in the latter half of the test session, during stimulation of the second 

hind paw. Normal oscillatory and decay patterns are seen irrespective of non-allodynic or 

allodynic classification.
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Fig. 5. 
Maximizing distraction reduces the incidence of threshold decay. (C) Twenty-two percent of 

hind paws (n=292) tested with the Up–Down 20 method showed evidence of tactile 

threshold decay. In a subset of rats (n=11), tactile thresholds were measured with and 

without food distraction in the same SCI and naive rats. As expected, providing food 

distraction did not alter sensory thresholds. However, absence of food during sensory testing 

increased threshold decay by 28% (p<0.01). (A, B) Representative histograms depict a hind 

paw tested using Up–Down 20 methods 5 days apart with food in A and without food 
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distraction in B. Note the robust threshold decay that occurs when food is not provided 

(string of positive (+) responses denoted by the bracket). The differential response that is 

elicited when distraction is or is not provided is indicative of some level of supraspinal 

processing.
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Fig. 6. 
Early dorsal von Frey Hair (DVFH) sensory thresholds predict allodynic and non-allodynic 

tactile sensitivity across injury severities at later time points. (A) A side view of the 

technique to hold the rat while applying von Frey hairs to the dorsal surface of the hind paw. 

(B) Comparable sensory thresholds occurred between 7 dpo Dorsal VFH and 28 dpo Up–

Down 20 measures after SCI. Remarkable similarity occurred for a wide range of SCI, with 

significant allodynia noted in more severe SCI (p<0.05 1.1 mm displacement vs. all other 

groups). (C) Strong agreement between the novel Dorsal VFH test and standard Up–Down 
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methods is evident in a significant positive correlation (n=44; Pearson Coefficient=0.503, 

p<0.01, r2=0.67). Dashed lines show the cutoff threshold for allodynic sensation using either 

the new Dorsal VFH or Up–Down 20 techniques and indicate that allodynic thresholds 

determined at 7 dpo using the DVFH test predicts chronic below-level allodynia determined 

by Up–Down 20 methods.
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Table 2

Study objectives, types of sensory tests and distribution of rats by sex and SCI severity.

Experimental objective Sensory testing method SCI severity/sex/rats

Determine the degree of equivalence for sensory 
thresholds derived from up down method and 
ascending method

Up down method with 20 stimuli vs. ascending with up to 90 
stimuli
n=11

SCI, Female n=5
Naïve, Female n=6

Validate acute vs chronic sensory thresholds Dorsal VFH testing at 7 dpi vs. plantar VFH testing at 28 dpi 
n=35

0.5 SCI, Male n=3
0.7 SCI, Female n=3
0.9 SCI, Male n=4
Female n=8
1.1SCI, Male n=3
Female n=8
Naïve, Female n=6

Determine the fewest number of VFH stimuli 
required to produce valid sensory thresholds

Plantar VFH thresholds from 6, 10, 15 or 20 touches vs. 
Dixon’s mathematical estimates
n=156

0.3 SCI, Female n=11
0.5 SCI, Female n=20
Male n=3
0.7 SCI, Female n=20
0.9 SCI, Female n=28
Male n=4
1.1 SCI, Female n=38
Male n=3
1.25 SCI, Female n=6
1.3 SCI, Female n=5
LAM, Female n=8
Naïve, Female n=10

Determine whether sensory thresholds decay during 
plantar VFH testing

Plantar VFH testing with 20 stimuli with food distraction vs. 
without food distraction on a consecutive day
n=167

0.3 SCI, Female n=11
0.5 SCI, Female n=19
Male n=3
0.7 SCI, Female n=20
0.9 SCI, Female n=28
Male n=4
1.1 SCI, Female n=43
Male n=3
1.25 SCI, Female n=6
1.3 SCI, Female n=5
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