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Abstract
This study describes a modified Hargreaves’ method for assessing paw withdrawal threshold
temperatures for heat (PWT-H) nociception in the rat hind paws. The method utilizes applications
of radiant heat to maintain controlled lamp temperatures (CLT) on a glass floor beneath the rat
hind paw. An ascending series of CLTs were each applied for 10-s, with 5–10 min intervals
between applications, until a characteristic withdrawal behavior was observed, or a cutoff CLT
was reached. Average plantar epicutaneous temperatures measured from anesthetized rats
corresponding to CLTs and withdrawal latencies were used for determining PWT-H. The mean
PWT-H in 2-months old (mo) naïve Sprague-Dawley rats (n=38) was 47.6±0.2°C, and is
comparable to the noxious threshold temperature for human glabrous skin (46.5±0.5°C). The
PWT-H is consistent between trials and daily assessments over four consecutive days. No
significant differences were observed between the PWT-H in 2 mo, 6–8 mo, and >24 mo F344
rats, but the PWT-H in 1-mo rats was significantly decreased. Three hours following plantar
incision, the PWT-H decreased to 37.5±0.2°C, which correlates with previous observations of C-
fiber afferents from incised glabrous skin firing at 36.7±3.6°C. Parallel testing with the current
method and an electronic von Frey device illustrated similar degrees of incision-induced
hyperalgesia, improvement of hyperalgesia over time, and reversals induced by morphine and
gabapentin. In conclusion, the present method allows us to compare PWT-H with
electrophysiological and human psychophysical studies involving thermosensation and, as a
behavioral assay identical to von Frey testing in measuring threshold for nociception.
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1. INTRODUCTION
Psychophysical studies have demonstrated that humans experience pain at cutaneous
temperatures exceeding 43°C (LaMotte and Campbell, 1978). Neurophysiological evidence
has supported this finding by showing cutaneous A-δ and C-fiber nociceptor activation
within the range of 42–43°C (Raja et al., 1999). In 1996, Cesare and McNaugton first
demonstrated that noxious temperatures open a set of ion channels on these afferent endings,
leading directly to their activation (Cesare and McNaughton, 1996). Molecular
characterization of these channels has been revealed through cloning of the capsaicin
receptor, TrpV1 (Caterina et al., 1997), which are activated at temperatures ≥43.0°C.

Despite such dramatic progress in understanding thermosensation, our knowledge of the
phenotypic changes in nociceptive heat thresholds within animal models remains deficient.
In contrast to von Frey mechanosensitivity testing, which measures noxious threshold
forces, most of our current behavioral paradigms for evaluating heat sensitivity generally
rely on response latencies to either radiant or conductive heat stimuli. On the other hand,
neurophysiologic studies routinely conduct experiments with feedback-controlled devices to
measure the exact cutaneous temperatures required for primary afferent activation (Banik
and Brennan, 2004; Du et al., 2001; Koltzenburg et al., 1997; Reeh, 1986), and human
psychophysical studies measure threshold temperatures for pain perception (LaMotte and
Campbell, 1978; Tillman et al., 1995). This latency vs. threshold dichotomy has hindered
our ability to compare and correlate data between neurophysiologic and behavioral
experiments involving thermosensation.

To this end, previous studies have characterized an ‘increasing temperature hot plate test,’
and ‘increasing temperature water bath test’ for measuring threshold temperatures for heat
nociception in rats (Almasi et al., 2003; Furedi et al., 2009). Limitations of the increasing
temperature hot plate test include the inability to individually evaluate the ipsi/contralateral
hind paws, and the potential to inadvertently stimulate other bodily surfaces in contact with
the hot plate. The increasing temperature water bath requires significant animal handling,
and was unable to detect heat hyperalgesia in a well-characterized inflammation model
(Furedi et al., 2009).

The current study aimed to modify the most widely utilized behavioral assay for evaluating
heat nociception, Hargreaves method, (Hargreaves et al., 1988) to allow for determination of
the specific threshold temperatures required for nociceptive behaviors. The unique
advantages of Hargreaves method that carry over to the present technique include: minimal
animal handling, animal acclimation prior to testing, and individual hind paw testing
ipsilateral or contralateral to the experimental injury. Through incorporation of a feedback-
controlled radiant heat stimulator, we were able to deliver reproducible energy profiles to
focused areas of an unrestrained rat’s hind paw and, using pre-characterized epicutaneous
thermocouple temperature (ETT) values, determine paw withdrawal temperatures for heat
nociception (PWT-H). The methodology involves applying an ascending series of 10-s
CLTs until a characteristic withdrawal behavior is observed, or a cutoff CLT is reached.
Average hind paw plantar ETTs measured from anesthetized rats correspond to each applied
CLT and withdrawal latencies are considered the PWT-H. The study evaluated the PWT-H
in normal rats and assessed potential variables, such as animal age and repeated testing. The
ability of this method was compared to that of von Frey testing in evaluating degrees of
hyperalgesia at different time points relative to incision and the attenuating effects of
analgesics. A preliminary report has been published in the abstract form (Banik and Kabadi,
2010).
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2. METHODS
2.1. Feedback-controlled heat stimulator

In collaboration with the Bioengineering department at the University of Iowa (attn: Roger
Anderson), a feedback-controlled heat stimulator was designed. The stimulator utilizes a
proportional-integral-derivative (PID) feedback-control mechanism with a radiant heat
source to produce and maintain user-defined, controlled lamp temperatures (CLTs) (Fig. 1).
The stimulator consists of 1) a power source and controller unit, 2) an assembly unit with a
keypad and digital display, 3) a T-type thermocouple (IT-18, Physitemp, NJ, USA)
connected to 4) a transmitter (TX1502A-T, Omega Engineering Inc, CT, USA) for
temperature feedback, and 5) a 150W halogen projector lamp (EKE 150W 21V; Ushio,
Tokyo, Japan) housed within an aluminum cup with a circular aperture (Ac=34.2-mm2) for
radiant heat to pass through. The parameters of temperature and stimulus duration are
entered using the keypad and display on the assembly (Fig. 2). Once triggered, the lamp
projects radiant heat onto the tip of the feedback thermocouple sensor (Fig. 1, Fig. 2),
providing continuous temperature input for the main PID controller unit (Fig. 1). The
controller unit, in turn, continuously modulates the current to the lamp to immediately
correct any error between the measured and user-defined temperatures. If the trigger button
is pressed mid-stimulation, the lamp immediately shuts off and the elapsed time and input
temperature are displayed.

2.2. Characterization of epicutaneous thermocouple temperature (ETT) of the plantar
hindpaw

Throughout testing, the temperature of the glass floor was maintained 29.0±1.0°C through
manual applications of convective heat from a space heater (Lasko Products, West Chester,
PA, Model #754200). To determine temperatures at the plantar epicutaneous surface,
anesthetized (sodium pentobarbital 50-mg/kg i.p.) rats (n=6) were placed in normal weight-
bearing positions on a glass surface with a thermocouple (IT-18) sensor placed between the
hind paw plantar surface and glass floor. This thermocouple was connected to an analog
thermometer (BAT-12, Physitemp, USA). The sensing tip of the heat stimulator’s input
thermocouple was placed between the heat lamp and the underside of the glass floor,
directly beneath the hind paw plantar surface. A data acquisition system (Micro 1401 MK II;
CED, Cambridge, UK) simultaneously digitized and fed the analog outputs into a personal
computer. With data acquisition and analysis software (Spike2; CED, Cambridge, UK), real-
time temperature changes within both thermocouples were recorded as corresponding pair of
waveform traces.

Calibrating the analog output (mill volts) to degrees Celsius was performed using known
water temperatures (22, 30, 40, 55, 60 and 65°C) in a circulating, feedbackcontrolled water
bath. The thermocouple signals were linear (r2 = 0.99, see supplementary Fig. S1).

Using the setup described above, each anesthetized animal received a series of 10-s CLT
applications from 40.0 to 70.0°C in 2.5°C increments (Fig. 3a). Each temperature was
applied four times to each animal. Five to 10 min intervals were maintained between
applications so that the lamp temperature and ETT could be restored to 29.0±1.0°C.
Following this procedure with each of 6 rats generated 24 corresponding pairs of traces
(CLT and ETT) at each temperature setting. The ETT at each second of each 10-s heat
application was measured from the digital traces, and the values from all 24 traces averaged.
In total, 130 averaged second-by-second ETT values were obtained from 10-s heat
applications at each of the 13 input temperatures (40.0–70.0°C, step=2.5°C). These data
were used as reference values to determine PWT-H based on 1) the stimulator input
temperature, and 2) the latency to paw withdrawal (Fig. 3b).
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2.3 Animals and ethics
The studies adhered to the proposals of the Committee for Research and Ethical Issues of the
IASP and were approved by the Seton Hall University Animal Care and Use Committee.
Male Sprague-Dawley (SD) rats from Harlan (Somerville, NJ) weighing 250–300 grams
were used in this study, though not in the aging studies, which used Fisher-344 rats from
Taconic (Germantown, NY). Two to three rats were housed together in one 43×21.5×25.5
cm Plexiglas cage and kept on a 12 hr light/dark cycle. Food and water were available ad
libitum.

2.4. Plantar skin and muscle incision
Anesthesia was induced by placing each animal within a Plexiglas chamber containing room
air with 5% isoflurane. Once loss of righting reflex was observed, each animal was moved to
the operating stage where 2–3% isoflurane with room air was maintained through a tightly
fitting nose cone.

As previously described by Brennan et al. (Brennan et al., 1996), a 1-cm longitudinal
incision was made through the skin and fascia of the plantar surface of the hind paw. The
plantaris muscle was then elevated, stressed, and incised longitudinally with the muscle
origin and insertion remaining intact, after which the skin was closed with two mattress 5-0
silk sutures. The animals were then housed upon soft bedding and allowed to recover.

2.5. Evaluating paw withdrawal threshold for heat (PWT-H) nociception
Animals were placed within individual Plexiglas compartments (12×20×17-cm) on a shared,
elevated glass floor. The temperature above the glass floor was monitored by an affixed
thermocouple connected to an analog thermometer (see above), and maintained at
29.0±1.0°C with convective heat from a space heater (see above). Animals were allowed
approximately 15 minutes for acclimation. Testing commenced once the animals became
largely inactive, demonstrating only occasional grooming behaviors. The input temperature
was set using a numeric keypad and display located on the stimulator assembly.

Testing began at 40.0°C, and increased in steps of 2.5°C until paw withdrawal behaviors
were observed, or a cut-off temperature of 70.0°C was reached. Intervals of 5 to 10 minutes
were observed between stimulations. Once the temperature was set, the feedback
thermocouple sensing tip was affixed above the aperture of the heat lamp and placed directly
against the underside of the glass floor beneath the animal hind paw (Fig. 2). A trigger
button on the keypad was then pressed to initiate a 10s heat stimulation. If a nociceptive
withdrawal response was noted during stimulation, the trigger button was immediately
pressed again to discontinue the stimulation. Then the input temperature and withdrawal
latency were recorded. These values were used to determine corresponding average ETT
values (see 2.1.2, Table 1), which were considered the PWT-H. Three trials were conducted
and the PWT-H values averaged. The baseline CLT and glass temperatures were restored to
29.0±1.0°C between trials. Two consecutive heat stimulations were not applied to the same
area of the glass floor. If an animal did not move between trials, locomotion was induced by
gently stroking the glass floor. In addition, the lamp and metallic cone were cooled with
compressed air between applications to avoid an elevated thermocouple temperature (input
to heat stimulator), which could decrease the amount of radiant heat generated by the lamp
due to feedback control (Fig. 1). However, if the thermocouple temperature dropped below
29.0±1.0°C, the lamp was activated for a sufficient period to elevate the temperature to
within the baseline range. Moreover, thermocouple contact to the glass floor was confirmed
from displayed temperature. If this temperature was lower than 29.0±1.0°C, the
thermocouple was repositioned until it sensed glass floor temperature.
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2.4. Mechanosensitivity testing with electronic von Frey esthesiometer
The electronic von Frey esthesiometer consists of a handheld force transducer with a series
of rigidity-graded, attachable 0.8-mm polypropylene tips (IITC Life Science, Woodland
Hills, CA). Unrestrained rats were situated within individual Plexiglas (12×20× 17-cm)
compartments on a shared metal mesh floor. Starting with the least rigid tip, force was
transversely applied to the mid-plantar surface of the ipsilateral hind paw (adjacent to the
site of surgical injury). The criterion for the stimulation end point was a rapid paw
withdrawal response. The results were expressed as the mean threshold force (in grams) for
nociceptive behaviors from 3–5 trials for each animal.

2.5. Experimental protocol
A total of 116 rats were used. Prior to behavioral testing, all animals were acclimated to the
laboratory facilities for at least 1 week. Unless otherwise stated, experimental conditions
such as animal age, gender, room temperature, time of day (for behavioral testing), drug
preparation and injection, and animal handling were consistent. On each day of testing, heat
sensitivity was evaluated before mechanosensitivity.

2.5.1. Study 1: Characterization of PWT-H in naive rats—Eighteen SD rats received
a three trial testing session for baseline PWT-H and PWT-M prior to receiving an incision
for the time course study (Study 2). Eight SD rats were tested for PWT-H on each of 4
consecutive days. Twelve additional SD rats received single PWT-H evaluation to
supplement baseline PWT-H data. Two to three trials were conducted for each testing
session, with 10–15 minute intervals. To evaluate the effects of animal age, the PWT-H
were evaluated in groups of naïve 1-mo (n=6), 2-mo (n=7), 6 to 8-mo (n=10), 16 to 18-mo
(n=6), and 25 to 28-mo (n=10) Fisher-344 rats.

2.5.2. Study 2: Ability of the current method to evaluate degree and time
course of incision-induced hyperalgesia—Eighteen rats were tested in two groups.
Six rats underwent a sham operation (anesthesia only), while 12 rats received hind paw
plantar incision surgery. They were then tested at 3-h, 1, 2, 3, 4, 7, and 9-d post-incision. On
each day of testing, the PWT-H and then the PWT-M were evaluated. To determine if PWT-
H measurements depict degrees of hyperalgesia comparably to PWT-M measurements,
correlation analysis was performed between PWT-M and PWT-H measurements evaluated
from the same rats at various time points relative to plantar incision.

2.5.3. Study 3: Ability of PWT-H to evaluate attenuation of incision-induced
hyperalgesia following administration of analgesics—Thirty-three rats were
randomly tested in 8 groups of four or five rats each. At 3-h, 1, 2, 3, and 4-d after plantar
incision, the PWT-H and PWT-M were evaluated. Each rat randomly received an injection
of saline or morphine 1 or 3 mg/kg s.c. (2-h post-incision), gabapentin 50 mg/kg i.p. [1st

postoperative day (POD)], meloxicam 10 mg/kg i.p. (2nd POD), ibuprofen 20 mg/kg i.p. (3rd

POD), or diclofenac 12 mg/kg i.p. (4th POD). Twenty minutes following drug
administration, the animals were tested for PWT-H and PWT-M by an experimenter blinded
to treatment assignments (drug vs. saline). Always, at first PWT-H and then PWT-M were
evaluated. Testing was completed within 2-h of drug administration. Stock solutions of the
drugs were refrigerated, warmed, and diluted to their final concentrations with saline (0.9%)
prior to injection.

2.6. Data analysis and statistics
The PWT-H data range from 35.0 to 54.9°C with an average step size of 0.15°C, and have
been considered continuous. PWT-M data obtained with the electronic von Frey device also
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constitute continuous data as they represent exact noxious threshold force values. Both
PWT-H and PWT-M data are presented as the mean±standard error and were analyzed using
parametric tests following a Kolmogorov-Smirnov test. A one-way ANOVA followed by a
Newman-Keuls multiple comparison test was used to determine if there were significant
differences between mean PWT-H of different age groups, and whether the PWT-H in
normal animals differed between repeated measurements. Two- way repeated measures
ANOVA (group vs. time) were conducted on PWT measurements obtained before and after
the incision/sham operations. Bonferroni post-hoc comparisons followed these ANOVAs to
identify significant differences between individual time points. A Pearson correlation
analysis was conducted between PWT-H and PWT-M measurements to determine the
relationship between these PWT data. The presence of inter-trial variance within PWT
testing sessions was evaluated using a one-way ANOVA followed by a Newman-Keuls test.
PWT data were normalized by calculating the percentage of the maximum possible effect
(%-MPE) of each administered drug or saline on heat and mechanical thresholds to evaluate
each drug’s effects. The %-MPE values were calculated with the equation: %-MPE=100 x
(PWTpost-drug - PWTpre-drug)/(PWTsham-operated - PWTpre-drug). The %-MPE data are
continuous and are presented as mean±standard error. The %-MPE values between groups
were compared using unpaired t-tests. Additionally, paired t-tests were conducted between
the PWTpre-drug and PWTpost-drug to compare the sensitivities of the PWT-M/H to analgesics
and saline. To determine the interaction between the PWT-M/H and various doses of
morphine, a one-way ANOVA followed by Dunnett’s multiple comparison test was used.
All analyses were performed with Prism 5.0 (GraphPad Software, San Diego, CA). P<0.05
was considered statistically significant.

3. RESULTS
3. 1. Feedback-controlled lamp temperature under glass floor produces reproducible
plantar epicutaneous temperatures

At stimulator settings of 40.0, 50.0, 60.0, and 70.0°C, the peak CLTs beneath the glass floor
were 41.4±0.0, 51.6±0.1, 62.4±0.0 and 71.4±0.1°C, respectively (mean±SEM, Table 1). To
achieve stable (peak±0.2°C) CLTs at these settings, the stimulator required 1.1±0.0, 2.0±0.0,
5.0±0.1, and 8.8±0.3-s, respectively (mean±SEM). Minute variations in the lamp
temperature prior to stimulation (29.0±1.0°C) were considered negligible as the stimulator
continuously adjusted the intensity of the projector lamp to dynamically maintain the user-
defined temperature.

The ETTs above the glass floor (thickness = 1.91-mm) was considerably lower than the
CLTs below the glass floor (Table 1, Fig. 3b). A linear relationship was observed between
the changes in ETTs and CLTs at each second of 10-s heat applications (Fig. 4a; R2=0.986,
P<0.0001). Heat applications at stimulator settings of 40.0, 50.0, 60.0, and 70.0°C
corresponded to peak ETTs of 36.7±0.2, 42.7±0.3, 50.1±0.4, and 54.9±0.4°C (mean±SEM;
Table 1). To achieve stable (peak±0.2°C) ETTs at these settings, the stimulator required
1.2±0.0, 2.0±0.1, 5.0±0.1, and 8.8±0.3-s, respectively (mean±SEM, Table 1, Fig. 4b). The
use of a thicker (thickness = 4.69-mm) or unheated glass floor (23–25°C) significantly
attenuated the ETTs (data not shown).

The rate of ETT change during stimulation varied with the stimulator’s temperature setting,
but was consistently greatest over the first 2-s (Fig 4c). At settings of 40.0, 50.0, 60.0, and
70.0°C, the maximum rates of ETT change were 4.8±0.3, 6.7±0.3, 8.9±0.5, and 8.6±0.5°C/s,
respectively (Fig. 4c). After the initial 2-s, the highest rates of ETT change, at the same
settings were 0.1±0.0, 0.1±0.0, 2.0±0.0, and 2.1±0.1°C/s, respectively.
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In total, 130 ETT values were obtained from all the applied 10s heat applications (40.0–
70.0°C, step = 2.5°C). The average step size between these data points was 0.15°C, and data
were considered continuous (Fig. 4d).

3. 2. Behavioral threshold of heat nociception in the normal rats
Figure 5a displays consistency between trials of PWT-H measurements comparable to PWT-
M measurements with an electronic von Frey esthesiometer. No significant inter-trial
differences were seen within sets of three trials evaluating the PWT-H and PWT-M
(baseline/pre-incision data from time course studies, Fig. 5a). Moreover, daily
measurements over 4 consecutive days did not significantly alter the PWT-H in rats (n=8,
P>0.05, ANOVA followed by Newman-Keuls multiple comparison test; Fig. 5b). The PWT-
H for naïve animals did not occur within the first 4-s of any 10-s CLT application, when the
rate of temperature change was highest (4.8–9.1°C/s, varying with the set temperature (Fig.
5c)). The mean PWT-H in naïve Sprague-Dawley rats was 47.6±0.2°C (n=38) and the data
were normally distributed (Kolmogorov-Smirnov test, P>0.1; Fig. 5d).

The PWT-H for 1-mo (n=6), 2-mo (n=7), 6 to 8-mo (n=10), 16 to 18-mo (n=6) and 25 to 28-
mo (n=10) rats were, respectively, 42.9±0.3, 47.1±0.3, 47.7±0.4, 48.4±0.4, and 46.8±0.3°C
(F4,34=29.85, ANOVA, P<0.001). Juvenile (1-mo) rats had significantly lower PWT-H than
the other groups (P<0.05, ANOVA followed by Newman-Keuls test; Fig. 5e). Additionally,
the PWT-H for the 25 to 28-mo group was significantly (P<0.05) lower than that of the 18-
mo group. The remaining groups did not differ from each other significantly (P>0.05,
Newman-Keuls multiple comparison test)

3.3. Ability of current method to evaluate degree of hyperalgesia after plantar incision
The ability of the current method to assess hyperalgesia was evaluated using the plantar
incision model. The PWT-H decreased from 47.8±0.3°C to 37.5±0.2°C as evaluated 3-h
following surgery. The time courses of the PWT-H and PWT-M evaluated at baseline, 3-h,
1, 2, 3, 4, 7, and 9-d relative to the incision are displayed in Figure 6a. The PWT-H was
lowest 3-h post-incision, and exhibited gradual recovery on each subsequent day beginning
at 1-d post-incision. Compared to the sham-operated rats, the PWT-H was significantly
decreased at 3-h, 1, 2, 3, 4, and 7-d post-incision (F1, 16=72.0, P<0.0001, two-way ANOVA
followed by Bonferroni’s post hoc test). The PWT-M, measured via electronic von Frey
esthesiometer, from the same animals followed a similar time course (Fig. 6a). The PWT-M
was significantly decreased in the incised group compared to the sham-operated rats at 3-h,
1, 2, 3, 4, and 7-d post-incision (F1,16=73.5, P<0.0001, two-way ANOVA followed by
Bonferroni’s post hoc test). The time courses of hyperalgesia depicted by PWT-H and PWT-
M measurements were significantly correlated with each other (Fig. 6b; Pearson r = 0.832;
P<0.0001).

3.4. Ability of current method to evaluate attenuation of incision-induced hyperalgesia by
analgesics

The ability of the current method to evaluate analgesic-induced reversals in heat and
mechanical hyperalgesia is illustrated in Figure 7. At 3-h post-incision, compared to the %-
MPE of saline, the %-MPEs of morphine (s.c.) at doses of 1 mg/kg [n=6] and 3 mg/kg [n=5]
on PWT-H were significant (Fig 7a; F2,19=26.26, n=26, ANOVA followed by Dunnett’s
test), while only the %-MPE of morphine 3 mg/kg on PWT-M was significant (Fig 7a;
F2,19=15.99, n=22, ANOVA followed by Dunnett’s test). Two-way ANOVA analysis did
not discern any notable differences between the dose-response curves of the PWT-H and
PWT-M.
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The ability of the current method to evaluate the blockade of hyperalgesia by gabapentin,
meloxicam (selective COX-2 inhibitor), ibuprofen (nonselective COX inhibitor), and
diclofenac (nonselective COX inhibitor) was tested on the 1st, 2 3rd and 4th postoperative
days in the same group of rats, respectively, following plantar incision. On the 1st POD, both
the PWT-H (P<0.0005) and PWT-M (P<0.05) displayed significantly greater mean %-MPE
of gabapentin (50-mg/kg, i.p.) than saline (Fig 7b; unpaired t-test). On the 2nd, 3rd and 4th

POD, the PWT-H and PWT-M measurements both failed to detect any appreciable %-MPE
of meloxicam (10 mg/kg, i.p.), ibuprofen (20-mg/kg, i.p.) or diclofenac (12 mg/kg, i.p.)
compared to that of saline (Fig. 7c,d,e).

4. DISCUSSION
The study describes a modified Hargreaves’ method based on stepwise feedback-controlled
applications of radiant heat, for the assessment of threshold temperatures for heat
nociception within unrestrained rats. This technique allows us to compare between
behavioral and electrophysiological or human psychophysical studies, and detects
hyperalgesia comparably to electronic von Frey testing. These conclusions are based on the
following: 1) The PWT-H in naïve adult rats is 47.6±0.2°C, which is similar to the noxious
heat threshold in human glabrous skin of 46.5±0.5°C (Tillman et al., 1995). 2) One day after
plantar incision, the PWT-H dropped to 37.5±0.2°C, which corresponds with a previous
observation that rat C-fiber primary afferent endings from incised glabrous skin initiate
firing at 36.7±3.6°C (Banik and Brennan, 2004). 3) A highly significant (>0.8) correlation
was observed between the PWT-M and PWT-H at different time points after plantar
incision. 4) The %-MPE of morphine dose-response curves for PWT-H and PWT-M
measurements were identical in rats at 3-h post-incision.

4.1. Characteristics of heat stimulus
Despite significant heat dissipation across the glass floor, the rates of change of the CLT and
ETT are nearly identical (Fig. 3) with both attained peak values almost simultaneously. This
suggests that temperature changes at the epicutaneous thermocouple are predominantly due
to the transfer of radiant heat.

Each of the 13 (Fig. 3) temperature slopes used in this study contains a rising (first 3-
s,Δ4.8–9.1°C/s) and a stable (after 3- s,Δ0.1–2.1°C/s) phase. The nociceptive behaviors
predominantly occurred in the rising phase (Fig 4c, Fig 5c). Previously, Yeomans and
Proudfit showed a higher rate of temperature increase (6.5°C/s) to preferentially activate A5
nociceptors, while lower rates (0.9°C/s) preferentially activated C-fiber nociceptors
(Yeomans et al., 1996). Therefore, it may be hypothesized that PWT-H measured in this
study is primarily due to the activity of C-fibers. However, in this study, the PWT-H is much
higher than the heat threshold of C-fibers innervating glabrous skin studied in vivo (Andrew
and Greenspan, 1999) and in vitro (Banik and Brennan, 2004). On the other hand, at 3-h
post-incision, PWT-H and the heat activation threshold of C-fibers are similar (37.5±0.2°C
vs. 36.7±3.6°C) (Banik and Brennan, 2004; Banik et al., 2005). It has been shown that heat
nociception mechanistically differs between normal and pathological states; the heat gated
receptor, TrpV1, is not required for normal behavioral responses to noxious heat, but is
essential in pathological states (Davis et al., 2000; Woodbury et al., 2004). Further, both
peripheral and central mechanisms shape behavioral thresholds for heat nociception
(Kauppila et al., 1998; Sung et al., 1998), and can be expected to differ from the response
thresholds of individual nociceptors.

The absence of nociceptive behaviors during the rapid phase of epicutaneous temperature
increase could be related to the absence of cutaneous type 2 Aδ nociceptors in primate
glabrous skin. These nociceptors respond with very short latencies (tenths of milliseconds),
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have lower heat activation thresholds for heat, and are believed to signal ‘first pain’ in
response to heat stimuli (Raja et al., 1999). Recordings from monkey glabrous skin afferents
did not find these nociceptor responses during heat stimulation, and human subjects did not
identify the first pain sensation when heat stimuli were applied to the palmar surface of the
hand (Campbell and LaMotte, 1983; Meyer et al., 2006; Treede et al., 1995). In contrast,
Iannetti and colleagues have recently found evidence of these nociceptors within human
glabrous skin (Iannetti et al., 2006).

The rate of temperature change and the latency to peak temperature varied between
stimulator temperature settings (Fig. 4a, c). Whether or not such differences have any effect
on the PWT-H remains unclear. In previous studies on humans, Pertovaara (Pertovaara et
al., 1996) and Nielsen and Arendt-Nielsen (Nielsen and Arendt-Nielsen, 1998) found no
interaction between the rates of temperature change (1–16°C/s) and pain ratings, whereas
Tillman and colleagues (Tillman et al., 1995) reported decreased heat threshold in human
subjects when the rate of temperature change was greater. Moreover, it has been shown that
the peak rates of discharge from C-fiber nociceptors increase with higher rates of
temperature increase in humans (Yarnitsky et al., 1992) and monkeys (Tillman et al., 1995).

4.2. Threshold temperature for heat nociception in unrestrained normal rats
The PWT-H is stable between multiple trials in the same testing session and in daily
measurements over 4 consecutive days (Fig. 4a,b). The consistency in PWT-H
measurements is comparable to that of PWT-M measurements by an electronic von Frey
device. A previous study has shown that repeated measurements significantly affect paw
withdrawal latencies in the Hargreaves test (Kocevski and Tvrdeic, 2008). However, another
study acclimated mice to the testing environment for three consecutive days and observed
consistent paw withdrawal latencies with repeated measurements (Banik et al., 2006).

For consistent applications of heat, the temperature above the glass was maintained
29.0±1.0°C throughout the experiment. Previously, Dirig and colleagues (Dirig et al., 1997)
demonstrated that a glass floor at room temperatures 23–25°C acts as a heat sink.
Additionally, the thermocouple providing input to the heat stimulator was maintained
29.0±1.0°C, as it has been shown previously that the baseline temperature significantly
affects the quantity of radiant heat produced and, consequently, alters the threshold
temperature for heat nociception (Dyck et al., 1996; Pertovaara et al., 1996; Wu et al.,
2001). Following each heat application, residual heat from the lamp was dissipated with
compressed cold air to reduce the thermocouple temperature, or, if the lamp temperature was
depressed, the lamp was activated to sufficiently increase the thermocouple temperature.

This study found the PWT-H in unrestrained young rats (47.6±0.2°C; 2 mo, SD) to be
higher than reported in previous studies using either an increasing temperature hot plate
(45.3±0.3°C) (Almasi et al., 2003) or water bath (43.5±0.4°C) (Furedi et al., 2009). This
discrepancy may be attributed to inter-study differences in techniques. Only a small area of a
single hind paw was in contact with noxious heat in the current method, whereas, the other
two methods apply heat to either the glabrous tissue of all four paws or to both the hairy and
glabrous tissue of both hind paws. The average noxious threshold temperature in humans
(46.5±0.5°C) on a small area of the hand and the average PWT-H (47.6±0.2°C) in the
current study are comparable (Tillman et al., 1995).

Senescent rats (25 to 28-mo) had PWT-H similar to those evaluated within 2-mo and 6 to 8-
mo rats. Using the tail flick test, previous studies have shown that withdrawal latencies
increase (4/15 studies), decrease (2/15 studies) or do not change (9/15 studies) with
increasing age (Gagliese and Melzack, 2000). Three previous studies using the hot plate test
found increased withdrawal latencies (decreased heat sensitivity) in rats with aging
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(Gagliese and Melzack, 2000). Similarly, Wang and colleagues found significantly increased
withdrawal latencies to noxious heat in aged mice (Wang et al., 2006). In contrast, Taguchi
et al. (Taguchi et al., 2010) recently found significantly lower withdrawal latencies in the
older rats using the Hargreaves method. These authors used calorie-restricted rats of
different ages (29 to 32-mo) and strains (SD). SD and Fisher 344 rats have previously been
reported to differ in behavioral measures (Shir et al., 2001).

The PWT-H measure demonstrated heat hypersensitivity in juvenile (1-mo) rats compared to
all older groups, which is supported by the findings of earlier studies (Falcon et al., 1996;
Fitzgerald and Jennings, 1999). Relatively thinner skin in juvenile rats may allow heat to
more readily permeate the glabrous tissue and activate afferent terminals. Supporting this,
Benoist et al. found a tendency for the noxious threshold temperature to decrease distally
along the tail, which is consistent with decreasing epidermal thickness (Benoist et al., 2008).
Alternately, as shown by Fitzgerald and colleagues, juvenile rats may have hypersensitive
dorsal horn neurons which amplify discharges from peripheral stimulation (Fitzgerald,
1985).

4.3. Ability of the current method to detect incision-induced hyperalgesia and its
attenuation by analgesics

Previous studies have used the conventional Hargreaves method to show that paw
withdrawal latencies profoundly decrease when evaluated 2 to 4-h post-incision, and then
gradually returned to baseline values within 7-d post-incision (Banik et al., 2005; Zahn and
Brennan, 1999). The PWT-H measured by the current technique followed an identical time
course (Fig. 6a). Moreover, the PWT-M and the PWT-H were correlated throughout the
time courses of incision-induced hyperalgesia (Fig. 6b; Pearson r = 0.83, P<0.0001). Finally,
the F values (ratio of variances between groups and variance within groups) for both
methods were similar (see results), when data from sham and incised rats were compared
using a two-way ANOVA test. Taken together, it may be reasonable to state that the current
method and the electronic von Frey method have similar abilities to detect degrees of
incision-induced hyperalgesia and recovery over time.

Additional evidence for the current method’s ability stems from a comparison of the
analgesic-induced attenuation of heat and mechanical hyperalgesia. The percentage of the
maximum possible effect (%-MPE) of morphine doses on both measurements produced
similar dose-response curves at 3-h post-incision (Fig. 7a). However, the F-value obtained
using PWT-H data was higher than that from PWT-M data (26.3 vs. 16.0). Moreover, in
both methods, gabapentin (50-mg/kg) was efficacious in significantly reversing hyperalgesia
at 1-d post-incision (Fig 7b), while meloxicam (10-mg/kg), ibuprofen (20-mg/kg) and
diclofenac (12-mg/kg) all failed to significantly attenuate hyperalgesia, respectively, at 2, 3
and 4-d post-incision (Fig 7c, d, e). However, it should be noted that all NSAIDs were given
at 2nd, 3rd, and 4th days post-incision. As shown by others (Whiteside et al., 2004), they can
be efficacious if were given immediately post-incision.

4.4. Advantages and limitations
The current paradigm is conceptually similar to conventional von Frey testing and may
reduce incongruities between latency vs. threshold measurements. PWT-H measurements
from different laboratories may be compared and correlated without the contextual
information required for interpretation of latency data (cut-off values, lamp amperage, or
intensity of radiant light). Lastly, PWT-H data from behavioral studies may be correlated
with neurophysiological observations and human psychophysical studies.
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A limitation of this method is that the ETT values are obtained from a preliminary
characterization. Inter-experimental variation and environmental conditioning has potential
to interact with and offset the measured PWT-H as this has been shown in calibrated von
Frey hairs (Andrews, 1993; Moller et al., 1998).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We describe a method to measure threshold temperatures for heat nociception in
rats.

• The method relies on characterizing average plantar epicutaneous temperatures.

• We show similar degrees of incision-induced allodynia and reversals by
analgesics.

• The method allows us to compare animal data with human psychophysical
studies. Basic neuroscience
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Figure 1.
A closed feedback-controlled system maintains a fixed lamp temperature on the underside of
a glass floor beneath the hind paw of an unrestrained rat. The parameters of temperature and
stimulus duration are entered using a keypad and display. Once triggered, the proportional-
integral-derivative controller unit of the stimulator signals the lamp to generate radiant heat
onto a thermocouple sensor. The sensor provides real-time temperature input for the
controller unit, which in turn, continuously modulates the current to the lamp to correct any
error between the measured and user-defined temperatures.
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Figure 2.
Schematic diagram of the experimental set-up used for assessing paw withdrawal threshold
temperatures for heat nociception (PWT-H) in unrestrained rats. The set up consists of a
stimulator unit, thermocouple sensor connected to a transmitter unit for temperature
feedback, and a 150W halogen projector lamp inside an aluminum cup.
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Figure 3.
Controlled lamp temperature (CLT) on the underside of glass floor produces reproducible
epicutaneous thermocouple temperatures (ETT) on plantar hind paw of anesthetized rats.
Representative digital oscilloscope traces (a) illustrate CLT (lower panel) and ETT (upper
panel). The stimulator was set to 40.0°C for the first stimulation and increased in 2.5°C steps
to a cut-off temperature of 70.0°C. Each temperature was applied 4 times per animal and 24
traces were obtained from 6 animals. Second-by-second ETT values were averaged from the
24 traces, and are shown in b. Each data point represents the average ETT ± SEM.
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Figure 4.
Characteristics of heat stimulus used for measuring paw withdrawal threshold for heat
nociception (PWT-H). a) Correlation of the rates of changes in ETT and CLT in each second
of 10-s heat applications (spearman r = 0.99, P<0.0001). (b) Latency to stable (peak±0.2°C)
ETT (elapsed time from onset to peak temperature) varies with the set temperature. (c) The
rate of ETT change is different between applications, but is consistently highest over the
first 2-s of 10-s heat application. (d) One hundred thirty temperature values were obtained
from 10-s stimulations at 13 set temperatures (13 × 10, 1-s bin). The PWT-H data ranges
from 35.0°C to 54.9°C, with an average step size of 0.15°C.
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Figure 5.
Characteristics of PWT-H in normal rats. (a) Three trial testing sessions of paw withdrawal
thresholds for heat (PWT-H) and mechanical nociception from pre-incision testing (n=18)
(P>0.05, ANOVA followed by Newman-Keuls multiple comparison test) are shown. PWT-
H measurements were consistent between multiple trials within the same testing session (a)
or daily testing across four consecutive days (b) (n=8, P>0.05, ANOVA followed by
Newman-Keuls test). PWT-H was observed in the static but not dynamic phase of ETT
change (c, n=38 also see Fig. 4c). (d) Histogram of PWT-H distribution within naïve
Sprague-Dawley rats (n=38). These data are normally distributed (P>0.1, Kolmogorov-
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Smirnov test). (e) PWT-H from F-344 rats of different age groups (*P<0.05, *** P<0.001,
ANOVA followed by Newman-Keuls test). mo, months old.
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Figure 6.
PWT-H measure is comparable with PWT-M in detection of incision-induced hyperalgesia,
and its recovery over time. Baseline PWT data used in Figure 5a. (a) Time courses of the
mean PWT-H and PWT-M evaluated at baseline, 3-h, 1, 2, 3, 4, 7, and 9-d post-incision.
PWT-H: sham vs. incision, F1,16 =72.0, P<0.0001 at 3-h, 1, 2, 3, 4, and 7-d; PWT-M: sham
vs. incision, F1,16 =73.5, P<0.0001 at 3-h, 1, 2, 3, 4, and 7-d (2-way ANOVA followed by
Bonferroni’s post-hoc tests). (b) Correlation between PWT-M and PWT-H throughout post-
incision recovery period. The degree of hyperalgesia increases from left to right along the
regression line. (Pearson r = 0.87; P<0.0001).
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Figure 7.
PWT-H and PWT-M measures are identical in illustrating effects of analgesic compounds
on recovery of incision-induced hyperalgesia. Two hours after incision, and on the 1st, 2nd,
3rd, and 4th postoperative days, rats were tested for baseline, and 30 min following blinded
administrations of saline or morphine 1 or 3-mg/kg (a, PWT-H; F2,19=26.26 and PWT-M;
F2,19=15.99, 1-way ANOVA followed by Dunnett’s test), gabapentin (b, 50 mg/kg i.p.;
*P<0.05, ***P<0.001, unpaired t-test; n=8), meloxicam (c, 10 mg/kg; i.p.; n=8), ibuprofen
(d, 20 mg/kg i.p.; n=6), or diclofenac (d, 12 mg/kg; i.p.; n=6), on each respective day. Data
are presented as mean±SEM of the percentage of maximum possible effect (%-MPE). See
materials and methods for calculation of %-MPE values.
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