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Abstract
Nociception modulates heart rate (HR) and mean arterial pressure (MAP), suggesting their use as
indicators of pain in animals. We explored this with telemetric recording in unrestrained control
and neuropathic (spinal nerve ligation) rats. Plantar stimulation was performed emulating
techniques commonly used to measure pain, specifically brush stroke, von Frey fiber application,
noxious pin stimulation, acetone for cooling, and radiant heating, while recording MAP, HR, and
specific evoked somatomotor behaviors (none; simple withdrawal; or sustained lifting, shaking
and grooming representing hyperalgesia). Pin produced elevations in both HR and MAP, and
greater responses accompanied hyperalgesia behavior compared to simple withdrawal. Von Frey
stimulation depressed MAP, and increased HR only when stimulation produced hyperalgesia
behavior, suggesting that minimal nociception occurs without this behavior. Brush increased MAP
even when no movement was evoked. Cold elevated both HR and MAP whether or not there was
withdrawal, but MAP increased more when withdrawal was triggered. Heating consistently
depressed HR and MAP, independent of behavior. Other than a greater HR response to pin in
animals made hyperalgesic by injury, cardiovascular events evoked by stimulation did not differ
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between control and neuropathic animals. We conclude that a) thermoregulation rather than pain
may dominate responses to heat and cooling stimuli; b) brush and cooling stimuli may be
perceived and produce cardiovascular activation without nocifensive withdrawal; c) sensations
that produce hyperalgesia behavior are accompanied by greater cardiovascular activation than
those producing simple withdrawal; and d) von Frey stimulation lacks cardiovascular evidence of
nociception except when hyperalgesia behavior is evoked.
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1. Introduction
A fundamental requirement of animal pain research is interpretation of behaviors that are
assumed to be triggered by the perception of pain. Although reflex movements are
commonly used as a proxy for animal pain, the validity of this approach is uncertain [25,45].
Ultimately, the animal’s experience cannot be known, and assumptions regarding the level
of pain must be made on the basis of inferential links. In this context, it would be useful if
physiological measures could be used as an additional, quantifiable means to signify pain.
Such an experimental strategy echoes early studies by Sherrington and others [46], in which
nociception was inferred following cutaneous stimulation that produced somatomotor
reactions including “mimetic movements simulating expression of certain affective states”
that persisted following decerebration. These behaviors and the accompanying elevation of
blood pressure (BP) were termed pseaudaffective reflexes.

Experimentation upon awake humans supports the view that both heart rate (HR) and BP are
increased by activation of the pain projection system [20,29,36,42]. Noxious stimuli that are
clearly painful in humans also increase HR and BP in anesthetized animals [1,16,32,33,37].
However, general anesthesia may alter the magnitude and even direction of cardiovascular
responses to sensory stimulation [11,19,30,34], emphasizing the value of recording from
awake animals. Such studies that avoid anesthesia have confirmed a hypertensive and
tachycardic response to sustained noxious stimuli in awake animals, for instance following
cutaneous formalin injection [43,49], intrapericardial bradykinin [30], or colorectal and
duodenal distension [34,35]. The high degree to which HR and BP changes parallel
somatomotor manifestations of pain in these models suggests that cardiovascular activation
may be employed as a reliable marker of nociception, as suggested by Taylor and others
[28].

Hemodynamic activation cannot be assumed to accompany all noxious stimulation,
however. For instance, it is recognized that noxious traction or chemical irritation of the
mesentery produces immediate BP depression in rats and humans [12,15]. Additionally,
only hemodynamic events triggered by noxious stimulation that persists many seconds have
so far been examined. Therefore, the goal of the present study is to determine the nature of
HR and BP changes that may accompanying brief, escapable sensory stimulation in awake
animals, such as the thermal and mechanical stimuli that are now commonly used for testing
nociception in animal subjects, in order to determine if cardiovascular measures might be a
suitable supplement to somatomotor behavior in these standard tests. It is known that a
variety of non-noxious stimuli that alert or stress animal subjects may also activate
circulatory parameters [40,50]. To identify the extent to which cardiovascular activation
may be nonspecific as an indicator of animal pain, we included stimuli that are non-noxious,
and examined animals in their baseline state as well following nerve injury to determine if
cardiovascular responses to sensory stimuli are exaggerated in the context of enhanced
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sensory sensitivity. Finally, since the somatomotor behavior induced by cutaneous
stimulation is not uniform, we sought to identify if certain behaviors are particularly
associated with cardiovascular activation.

2. Experimental Procedures
2.1 Experimental animals

Complete data across the entire duration of the protocol were obtained from a total of 20
male Sprague-Dawley rats (150–175 g at the initiation of the protocol) that were obtained
from a single vendor (Taconic Farms, Inc., Hudson, New York). Animals were housed
individually in a room maintained at 22 ± 0.5°C and constant humidity (60 ± 15%) with an
alternating 12-h light-dark cycle. Food and water were available ad libitum throughout the
experiments. All procedures were approved by the Animal Care and Use Committees of the
Zablocki VA Medical Center and Medical College of Wisconsin (Milwaukee, Wisconsin).
Baseline HR and BP recordings from some of the rats in this study were used for a prior
investigation [Pain manuscript D-08-5230R2, accepted for publication]. No pharmacological
interventions in that study preceded the recording of the data reported in this study.

2.2 Surgery
BP was monitored by telemetry using a PA-C10 transmitter (Data Sciences International
(DSI), St. Paul, MN), which was implanted during anesthesia with isoflurane (1.5–2.0%) in
oxygen. After making a left inguinal incision, the cannula (0.43 mm outer diameter
polyethylene) attached to the transmitter was inserted into the left femoral artery, with care
taken to avoid manipulation of the adjacent femoral nerve, and the transmitter fixed in a
subcutaneous pocket on the left flank of the rat. A redundant loop in the cannula allowed for
growth of the rat. The incision was closed with 3-0 silk suture. Following surgery, animals
were treated with a single dose of buprenorphine (0.05 mg/kg subcutaneous) for surgical
pain.

Four or five days after transmitter implantation surgery, a second surgery was performed.
Animals within a cohort that arrived at the laboratory together were randomly allocated to
receive either nerve injury or control surgery. For spinal nerve ligation (SNL, [21]), rats
were anesthetized with isoflurane (1.5–2.0%) in oxygen, the back was shaved, and the right
lumbar paravertebral region was exposed through a midline posterior incision. After
subperiosteal removal of the sixth lumbar transverse process, both the right fifth and the
sixth lumbar spinal nerves were tightly ligated with 6-0 silk suture and transected distal to
the ligature. To minimize non-neural injury, no muscle was removed, muscles and
intertransverse fascia were incised only at the site of the two ligations, and articular
processes were not removed. The lumbar fascia was closed by 4-0 resorbable polyglactin
suture, and the skin was closed with three or four staples. Control surgery consisted of either
sham SNL surgery (n=2), which consisted of an identical procedure except that the nerves
were not ligated or sectioned after exposure, or skin incision surgery (n=5), which consisted
of only anesthesia, a lumbar midline skin incision, and skin closure. Initial analysis of HR
and BP responses showed no differences in these control conditions, so these were
combined into a single control (C) group for all further analyses. No postoperative analgesic
was provided for these procedures in order to avoid possible interference with the
development of the chronic pain phenotype after SNL.

2.3 Measurement of MAP and HR
Telemetric recording of BP was recorded at a sampling rate of 500Hz using the DSI
PhysioTel telemetry system connected to a PC computer built in-house, and data were stored
for later analysis. Heart rate was determined from the unfiltered BP trace using the DSI
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Dataquest A.R.T. software system. Recording sessions were scheduled between 10AM and
2PM, in order to minimize diurnal variation and to focus on the daytime interval that is
optimal for identifying effects of injury on cardiovascular parameters [18].

2.4 Determination of cardiovascular responses to sensory stimulation
HR and BP responses to plantar cutaneous stimulation were measured using established
methods for sensory examination. Testing was performed on the day preceding the second
surgery (day -1) and 1st, 3rd, 7th, 14th, and 21st day thereafter. All testing was performed by
one of two investigators (M.R. and G.G.), and the complete panel of tests for an individual
rat on a given day was performed by only one investigator. With the exception of heat
stimulation, testing was performed with the animals placed individually in clear plastic
enclosures (10 × 25 cm) upon a 1 4-in wire grid. The examiner performing the sensory
testing was unaware of prior sensory testing results or the type of surgery performed on each
animal, although there was no means of concealing postural abnormalities of the paw. The
examiner did not observe HR and BP during animal handling or testing. All stimuli were
applied to the plantar surface of the right foot, and a test stimulus was only applied after the
animal ceased exploratory activity. Test modalities were as follows.

Dynamic mechanical stimulation (“brush”)—A camel hair brush 8mm wide was
stroked longitudinally along the center of the paw at a rate of approximately 2cm/s. The
peak force when measured upon an analytical scale using a similar application was
approximately 5g. The test was applied three times separated by intervals of at least one
minute.

Cooling stimulation (“cold”)—Acetone was expelled through upright tubing to form a
meniscus that was touched to the central skin without contact of the tubing to the skin [6]. In
human subjects, this creates a nonpainful cool sensation. Three repetitions were spaced at
least 2 minutes apart.

Punctate mechanical stimulation (“von Frey”)—Monofilaments in graded
thicknesses (Smith and Nephew Inc, Germantown, WI), hereafter referred to as von Frey
fibers, were modified with blunt tungsten tips of 100μm diameter [39], in order to
standardize the contact area, which independently modulates the force necessary to produce
pain [3]. These were applied taking care to approach the skin slowly to standardize the
force/time relationship during stimulation. Contact was made for 1s with a force just
adequate to bend the fiber, using the center of the paw but avoiding repeated contact with
the same exact site. Fibers with forces ranging from 0.57g to 24.6g were applied using an
up-down method [5]. Briefly, the 2.4g fiber was applied and if the animal withdrew the foot,
the next weaker fiber was applied, whereas if there was no withdrawal, the next stiffer fiber
was applied, until a reversal occurred, defined as a withdrawal after a previous lack of
withdrawal, or vice versa. The stiffness of the fiber before the reversal, the one that
produced a reversal, and the next four fibers applied according to this continuing schema
were used to calculate an approximation to the threshold force for producing withdrawal,
according to the method of Dixon [7].

Noxious mechanical stimulation (“pin”)—The point of a 22g spinal anesthesia needle
was applied to the center of the paw with enough force to indent the skin but not puncture it.
This was applied for 5 applications separated by at least 10s, which was repeated after 2min,
making a total of 10 touches [14].

Heating stimulation (“heat”)—Animals were placed on temperature-regulated glass,
and exposed to a radiant heat source that produced a circular irradiated area of 8mm in
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diameter, which induced a withdrawal of the foot [13]. The latency for withdrawal was
determined 3 times, separated by 1min.

Scoring response types—For each stimulus application, the presence of a somatomotor
response and its type were recorded. Induced somatomotor behaviors were of two types,
either a very brisk simple withdrawal with immediate return of the foot to the cage floor, or
a sustained elevation with grooming that included licking and chewing, and possibly
shaking, which lasted at least 1s [14]. As this is an exaggerated reaction compared to simple
withdrawal and includes supraspinally integrated behavior [2]. We hereafter refer to this as a
hyperalgesia-type behavior.

Testing protocol and analysis—Our purpose was to record BP while administering
stimuli as described above, in a manner that was not additionally stressful beyond that
provided by the sensory tests themselves. Each animal’s testing sessions began with a 30min
period of accommodation to the environment on the wire grid, after which BP recording was
performed for 10min during rest to provide a baseline prior to testing. The receiver for
telemetric recording was placed on top of the plastic enclosure to allow access to the plantar
surface of the hind paws. Brush testing was carried out first, and then cooling, von Frey fiber
testing, and pin testing in succession, each separated by a 5min rest interval. Animals were
then placed on the heat testing apparatus, where they rested for 30min prior to testing.
Recording of BP was continuous throughout sensory testing at a rate of 500Hz. After
generation of accompanying HR traces through analysis of systolic events, the BP data were
filtered by moving average to produce 10Hz frequency of BP (mean arterial BP, MAP), in
order to have manageable files for analysis.

The effect of sensory testing for each sensory modality was determined as follows. MAP
and HR at baseline were measured as the average over 60s during the inactivity period that
immediately preceded testing of that modality. Measures were also obtained for the 10s
epoch initiated by the first application of the sensory stimulus of that modality, which
allowed comparison of the effect of first stimuli for each modality. Additionally, MAP and
HR were also measured over the 10s epoch initiated by the last application of that stimulus
modality, which was done to identify a possible influence of sensitization produced by
repeated stimulation, as well as to limit the contribution of the arousal provided by the
novelty of the first presentation. Since presentations of the stimuli were modeled after
conventional usage, the last application varied from the third to the tenth for the various
modalities. An initial analysis (2-way ANOVA), in which the BP and HR responses
triggered by the first and last stimuli were evaluated separately, showed that there were no
differences in either the hemodynamic responses or the effects of Day or Group (as defined
below). Therefore, subsequent analysis combined these data and included one additional
determination in between (the second stimulus for brush, cold, and heat, and the third for
von Frey, and the fifth for pin). Analysis of traces was performed in a fashion by which the
evaluator was blinded to the identity of the stimulus and injury group.

2.5 Statistical Analysis
Two analyses were performed. In the first, we sought to determine how stimulation affected
HR and BP, and if injury-induced hyperalgesia influenced hemodynamic responses to
stimulation. We have previously shown that there is variability in pain behavior after SNL
[14]. Specifically, while the majority of animals develop mechanical hyperalgesia after
SNL, others do not despite being subjected to the same surgery. We therefore assigned SNL
animals in this analysis to separate groups according to their type of response to noxious
mechanical (pin) stimulation. Those that showed a hyperalgesia-type response in greater
than 20% of applications averaged over days 14 and 21 were included in the hyperalgesia
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(H) group, while the other animals that received SNL but did not develop hyperalgesia at
this level were included in the non-hyperalgesia (nonH) group. Data from these days were
combined for the purpose of this categorization since there is day-to-day variation in pain
behavior, since nonspecific effects may influence behavior initially following surgery, and
since post-injury pain behavior is fully evolved by this time [14]. Using this grouping, a
two-way ANOVA with repeated measures design (Statistica 8, StatSoft, Tulsa, OK) was
used to identify effects of sensory stimulation (the five modalities evaluated separately) on
the incremental change of MAP and HR induced by a stimulation event (i.e. ΔMAP and
ΔHR, evaluated separately), in which the within factor was Days after surgery and the
between factor was Group membership based on injury-induced development of
hyperalgesia described above. For each stimulus modality, three values of ΔMAP and ΔHR
were derived during a single testing session by subtracting the average MAP or HR value
over the 60s baseline interval from the three 10s test intervals defined above. These three
values of ΔMAP and ΔHR were averaged for each animal, and the single resulting value
was used in statistical analyses. An intercept term (equal to the grand mean squared,
multiplied by the overall n) that is significantly different than zero was interpreted as
indicating a significant overall main effect of the stimulation upon the measured
hemodynamic parameter. There was no attempt to statistically compare responses between
different modalities of stimulation.

In the second analysis, our goal was to determine the influence of the type of somatomotor
Behavior Response (simple withdrawal, hyperalgesia-type behavior, or no withdrawal) upon
ΔMAP and ΔHR induced by a stimulation event. For each test modality, the data pool
included the three values of ΔMAP and ΔHR derived during each testing session (excluding
the baseline day, for which Behavior Response was overwhelmingly of the simple
withdrawal type) in each animal, which were not averaged to a single value as in the first
analysis. Rather, generalized linear models with generalized estimating equations (GEE)
were used in a repeated measures analysis of the effects of Behavioral Response, while
controlling for Day and Surgery, on ΔMAP and ΔHR induced by a stimulation event. The
mean of each animal’s baseline measurements of MAP and HR (as appropriate) were also
considered as covariates, but no significant effects were found that would affect this
analysis, or the first analysis above, in all cases but one (rats with a higher baseline HR had
a greater ΔHR when stimulated by brush), for which it did not change the conclusions with
respect to the other factors considered. For brush stimulation, there was only a single
hyperalgesia behavioral response, so this observation was removed from the data for the
analysis. Least square means were used to estimate the difference in response between levels
of Behavioral Response. No significant interaction effects were found except in the ΔHR
model for pin stimulation, for which there was a significant interaction between Surgery
group and Behavioral Response (sham surgery animals showing a bigger effect than SNL or
skin incision). This effect did not influence other findings and the simple main effects of
surgery did not differ significantly in contrast tests. This analysis was performed using SAS
version 9.2 (The SAS Institute, Cary, NC).

A significance level of 0.05 was used for all comparisons. Data are reported as mean ±
SEM. For ANOVA tests, the F-statistic is provided in the format of F[a,b], in which a is the
between-groups degrees of freedom, and b is the within-groups degrees of freedom.

3. Results
3.1 Grouping of subjects

Autopsy confirmed proper anatomical ligation and section in all SNL animals. Taking the
SNL animals together, they showed a greater rate of hyperalgesia-type behavior in pin
testing averaged over days 14 and 21 when the behavioral phenotype is fully expressed
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(37±9%, n=13) than the control animals (C group; 7±3%, n=7; t-test P<0.05). Of the 13
SNL animals, 6 animals (nonH group, 46%) failed to develop a hyperalgesia rate greater
than 20% averaged over days 14 and 21, and showed an average of 6±3% hyperalgesia-type
behavior, while the other 7 SNL animals (H group) developed a 63±7% hyperalgesia
behavior rate (ANOVA main effect considering all three groups P<0.001, F[2,17] =434.0;
Bonferroni post hoc C vs. H P<0.001, nonH vs. H P<0.001). This incidence of failure to
develop sustained hyperalgesia after SNL, as well as the response rates for other stimulation
modalities, is similar to that which occurs after SNL in the absence of contralateral femoral
artery cannulation or transmitter implantation [14].

3.2 Response to stimulation: general observations
Recordings of MAP and the derived HR traces showed substantial variability in the time
domain of seconds to minutes, which was lessened at rest but not eliminated (Fig. 1).
Superimposed upon this baseline variability, cardiovascular events triggered by sensory
stimulation were nonetheless often clearly identifiable. Moreover, when data were averaged
for the animals within a group (Fig. 2 to 6), considerable consistency emerged that showed
MAP and HR responses to stimulation that were similar in the three animal groups and
similar on sequential days. With the single exception of the effect of pin stimulation upon
ΔMAP, Group (C, H, nonH) had no significant overall main effect upon ΔMAP and ΔHR.

3.3 Response to stimulation: specific modalities
For each modality, a figure is provided (Figs. 2–6) in which the upper panel shows ΔMAP
and ΔHR responses to stimulation analyzed according to injury group (C, H, nonH) and day,
for which statistical results are presented in Table 1. The bottom panel in each figure shows
the influence of the type of somatomotor behavior response (no withdrawal, simple
withdrawal, or hyperalgesia-type behavior) upon ΔMAP and ΔHR.

Dynamic mechanical stimulation—The probability of simple withdrawal from brush
stimulation, averaged over days 14 and 21, was not different between groups (C group
21±14%, nonH group 17±7%, H group 40±10%; ANOVA main effect P=0.305,
F[2,17]=1.3). Stroking the foot with a brush had the overall effect of increasing MAP, both
before and after injury, without differences between groups (Fig. 2A). The effect on HR was
less consistent and did not reach significance. When cardiovascular data were grouped
according to the type of somatomotor behavior triggered by brushing (Fig. 2B), it was
evident that the increase of MAP was the same whether there was foot withdrawal or not.

Cooling—The probability of withdrawal (either simple or hyperalgesic) after acetone
application, averaged over days 14 and 21, was not different in the various groups (C
21±13%; nonH 28±7%, H 33±10%; ANOVA main effect P=0.73, F[2,17]=0.3). However,
hyperalgesia behavior occurred only in the H group (10±5%; ANOVA main effect P=0.057,
F[2,17]=3.4). Similar to stroking with a brush, plantar acetone consistently increased MAP,
although the magnitude of the effect was greater (Fig. 3A). There was also an effect of Day,
in which ΔMAP generally decreased, probably due to an age effect since it was evident in
all groups including the control animals. Cooling elevated HR without any difference
between groups, and without an influence of Day. Behavior type influenced the MAP
response to cooling (Fig. 3B), and post hoc analysis confirmed that foot withdrawal was
accompanied by a greater elevation of MAP than when there was no movement.

Punctate mechanical stimulation—The force threshold for foot withdrawal determined
by von Frey stimulation, averaged over days 14 and 21, was decreased in the H group
(2.7±0.6g) compared to the nonH group (3.4±0.6g) and C group (5.1±3.0g, ANOVA main
effect P<0.05, F[2,17]=4.2, post hoc C vs. H P=0.04), comparable to prior observations [27].
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The overall effect of von Frey stimulation was depression of HR and MAP without any
influence of Group (Fig. 4A). A significant effect of Day was evident as a generally greater
negative ΔMAP with time. Separate consideration of the different somatomotor behavior
types (Fig. 4B) showed that HR increased when von Frey stimulation produced a
hyperalgesia-type foot withdrawal, whereas HR decreased when stimulation produced a
simple withdrawal, and there was no change of HR when there was no movement. The type
of behavior induced by von Frey stimulation did not influence the MAP response (Fig. 4B).

Noxious mechanical stimulation—Pin stimulation had an overall effect of increased
MAP and HR (Fig. 5A). For HR, there was a significant main effect of Group (Table 1).
Pairwise comparisons showed a group mean ΔHR for the H group (19.6±3.4s−1) that was
greater than the group mean for the nonH group (8.2±3.7s−1, P<0.05) and the C group
(8.0±3.4s−1, P<0.05); each group mean was significantly different from zero. Separate
consideration of different somatomotor behavior types (Fig. 5B) showed greater increases of
HR when pin produced a hyperalgesia-type behavior than when a simple withdrawal was
produced.

Heating—The latency for withdrawal from radiant heating, averaged over days 14 and 21,
was not different in the various groups (C 10.5±0.7s, nonH 10.3±0.8s, H 10.6±0.6s;
ANOVA main effect P=0.95, F[2,17]=0.1). The frequency of hyperalgesia behavior during
heat stimulation was also not affected by group (C 33±8%, nonH 30±7%, H 43±11%;
ANOVA main effect P=0.57, F[2,17]=0.6). Plantar radiant heat had an overall depressor
effect on HR and MAP, with no influence of group (Fig. 6A). When cardiovascular data
were grouped according to the type of somatomotor behavior triggered by heating (Fig. 6B),
HR and BP were found to decrease comparably regardless of the type of behavior.

4. Discussion
The regulation of cardiovascular function by sensory activation is readily evident even
outside the experimental setting, for instance during routine surgical manipulations, but little
work has been done to characterize this relationship for stimuli that are commonly used for
cutaneous pain testing. Unlike the predictable elevation in HR and BP evoked by persistent
noxious stimulation from which an animal cannot withdraw, our present findings show
diverse cardiovascular responses to brief cutaneous stimuli that are modality specific (Table
2). There are several reasons for the divergence of our new observations from previous
studies. First, in the present study, animals could terminate the stimulus by withdrawing
their limb, such that the duration of stimulation above the noxious threshold was very brief.
Secondly, many prior measurements have been obtained during anesthesia, which
substantially alters the extent and even direction of cardiovascular events induced by
sensory stimulation [11,19,30,34]. Finally, activation of cutaneous primary afferent fibers
initiates not only sensory experience, but also triggers processes such as thermoregulation
and arousal that together produce cardiovascular response patterns that differ by stimulus
modality.

Interpretation of our cardiovascular observations during noxious mechanical stimulation
appears straightforward. Application of a pin increases MAP and HR, similar to prior reports
that used sustained noxious mechanical stimulation [1,16]. The amplified response of HR in
hyperalgesic animals after SNL supports the validity of this well-accepted model of
neuropathic pain, and suggests that HR monitoring could provide additional insight into pain
perception. The generation of a greater HR elevation accompanying hyperalgesia-type
behavior suggests that this sustained and complex behavior denotes a distinct, more intense
nociceptive event, which is compatible with our recent observation that this behavior is
selectively associated with aversiveness in an operant model using conditioned place
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avoidance [47]. Although a gold standard for a pain experience per se is inevitably lacking
in animal research, a specific association of hyperalgesia-type behavior with accentuated
cardiovascular activation supports the validity of this behavior type as an indicator of pain.

Using a commonly employed paradigm for punctate mechanical stimulation with von Frey
fibers, the amplitudes of MAP and HR responses are generally small, consistent with the
low intensity of these stimuli that straddle the threshold for triggering a behavioral response.
Unexpectedly, MAP is depressed by applications of von Frey fibers. This effect is similar
after touches that produce no movement and those that cause withdrawal, which suggests
that these stimuli are perceived without producing nociception. Since fully noxious stimuli
such as pin application increase MAP, it is possible that most von Frey fiber applications fail
to generate nociception and pain, but rather trigger somatomotor and vasomotor events
through an arousal mechanism. The few applications (9% in our present data) that result in
hyperalgesia-type behavior provoke elevated HR, in contrast to depressed HR in the absence
of withdrawal, which likely indicates activation of nociceptive pathways when hyperalgesia-
type behavior occurs. These observations raise the possibility that the conventional format
for sensory testing with von Frey fibers, in which a simple withdrawal event is equated with
nociception, may be an unreliable test for pain. This speculation is supported by the failure
of von Frey stimulation to produce conditioned place avoidance, even after nerve injury
[47].

Brushing the plantar skin to produce dynamic mechanical stimulation reliably elevates MAP
even without nerve injury, and may do so without any form of foot withdrawal. Stroking
with a soft brush is not conventionally considered a painful stimulus, but this is open to
question since the animal’s experience cannot be known. In most cases, we observed
cardiovascular activation by brushing with no accompanying nocifensive somatomotor
behavior. While this suggests that these perceptions produced arousal without nociception,
this cardiovascular activation contrasts with the depression induced by von Frey touches that
likewise produce no movement, for which we have no explanation.

Together, our data show that cutaneous mechanical stimulation affects cardiovascular
parameters in divergent patterns that depend on the manner of application. Early studies that
used direct electrical stimulation of peripheral nerves in anesthetized animals demonstrated
the ability of afferent sensory activity to either depress or elevate BP as well as peripheral
sympathetic vasomotor neuronal activity [8,19]. Even when both C-type as well as A-type
cutaneous afferent fibers are stimulated, low frequency activity (1–10Hz) decreases MAP
within 5 seconds, whereas higher frequency activity (≥50Hz) elevates sympathetic activity
and MAP [22]. The frequency of afferent traffic elicited by noxious pin stimulation is likely
higher than that evoked by threshold stimulation with von Frey fibers [4,9,23], which may
explain the divergent effects of pin and von Frey stimulation upon MAP. Also, since
sympathetic activation is proportionate to the total number of neuronal depolarizations in a
cutaneous afferent train [38], brush stimulation may thereby produce a vasopressor effect
through the sustained nature of the afferent traffic it produces, the spatial summation of
stimulating a large cutaneous area, and the particular potency of moving mechanical stimuli
in producing afferent pulse trains [17].

Cooling of the plantar skin in our study provoked the greatest increase in MAP and HR of
the several modalities tested. Since cardiovascular responses to cooling are comparable in
control and injured animals, it is possible that the form of surface cooling we used is noxious
in control animals. However, our data reveal cardiovascular responses even when no
somatomotor behavior is triggered, making it unlikely that the stimulation is consistently
painful. Compared to applications that trigger no somatomotor behavior, cooling that
produces foot withdrawal and especially hyperalgesia-type behavior is accompanied by
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amplified MAP responses, which might suggest a component of nociception in these cases.
It is well established that local nonpainful cutaneous cooling may induce global
vasoconstriction and elevation of MAP and HR [24,41], which could be the predominating
influence upon vasomotor control under the conditions of our study. It is also possible that
somatomotor behavior is dictated by central thermoregulatory processing rather than
nociceptive systems. Since evaporative cold stimulation cannot be terminated immediately
by limb withdrawal, the intensity of the circulatory response may be due in part to
persistence of the stimulation.

Plantar heat produces overall depression of MAP and HR, even in control animals. This
contrasts with published demonstrations of the pressor effect of sustained cutaneous heating
[1,16,32,33], but the method used in the present study allowed the animals to minimize
exposure to stimulation above the nociceptive threshold. Notably, we observed comparable
cardiovascular depression upon plantar warming even in the absence of paw withdrawal,
which further suggests a minimal role of nociceptive activation. The application of non-
noxious heat to small areas of skin has long been recognized as a potent trigger of global
suppression of sympathetic activity and systemic vasodilatation [10,44], in a fashion
opposite to that triggered by local cooling, and this thermoregulatory pathway could account
for cardiovascular influences during thermal threshold testing. An alternative explanation for
the depressor response stems from the selective activation of C-type nociceptive fibers
during the relatively slow pace at which we heated the skin [48]. In contrast to Aδ fiber
stimulation, such as that caused by punctate mechanical stimuli or rapid skin warming,
preferential stimulation of C-type fibers by slow warming selectively activates a distinct,
coordinated passive coping response that includes cardiovascular depression [26].

Pain research has been hobbled by the difficulty of drawing inferences relevant to human
pain from models employing animal subjects [31]. Although quantifying somatomotor
behavior induced by cutaneous stimulation is the accepted standard for sensory testing in
animals, this has been adopted largely out of convenience, and doubts have been raised
regarding the validity of this approach [25,45]. Our study reveals unexpected complexity in
the phasic responses of MAP and HR induced by cutaneous stimulation, probably due to the
participation of central circuits serving processes other than sensory discrimination and pain,
such as arousal and thermoregulation. Although this restricts the usefulness of
cardiovascular measures as independent gauges of nociception and pain, our findings also
show that particular escape behaviors are selectively linked to specific patterns of phasic
cardiovascular reflexes. Specifically HR activation that is characteristic of nociception is
accentuated after noxious pin stimuli when sustained and complex hyperalgesia-type
behavior is provoked. Furthermore, punctate von Frey stimulation only triggers
cardiovascular activation when hyperalgesia-type behavior occurs. These observations
indicate that HR measurement after intense mechanical stimulation may provide additional
quantification of the painful experience, and also highlight the value of higher-level
integrated behaviors as an outcome measure, rather than relying solely on the threshold or
latency for simple withdrawal of the stimulated extremity.
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Figure 1.
Sample traces of heart rate (HR, top panels) and mean arterial pressure (MAP, bottom
panels) during sensory testing with Pin in an H group animal 3 days following spinal nerve
ligation injury (A.), and with von Frey fibers in a non-hyperalgesic animal 3d following
spinal nerve ligation (B.). Arrows indicate timing of the application of the stimuli. A dashed
arrow represents an application that produced no behavioral response. A solid arrow
indicates a withdrawal of the stimulated paw. “H” indicates a hyperalgesia-type withdrawal
with sustained elevation with shaking and grooming. “BL” indicates baseline recording
interval.
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Figure 2.
Plantar dynamic mechanical stimulation-induced changes of heart rate (ΔHR) and mean
arterial pressure (ΔMAP), evoked by using a brush. A. Cardiovascular changes categorized
by injury group, including control animals that had skin incision only, animals that became
hyperalgesic after spinal nerve ligation (SNL) injury, and animals that did not develop
hyperalgesia after SNL. Data are shown for measurements at baseline (BL, open bar) and on
different days after surgery (shaded bars). On each day, measures for each animal are
averaged across three repetitions (see Experimental Procedures). “n” indicates the number of
animals in each group. B. Cardiovascular changes categorized by the type of motor behavior
induced by stimulation, including no withdrawal (“None”), simple withdrawal, or sustained
withdrawal accompanied by lifting, shaking and grooming (“Hyperalgesia”). Since only a
single hyperalgesia event was evoked by brush stimulation, this was not included in the
statistical analysis. Bars for each behavior include data pooled from different days (all
except the BL day) and different injury groups. “n” indicates number of observations. “*”
indicates a cardiovascular change significantly different from zero. P indicates probability
for the main effect of behavior type. Bars in both panels indicate mean ± SEM. Note that the
ordinate scales are the same in Figures 2 through 6.
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Figure 3.
Plantar cooling-induced changes of heart rate (ΔHR) and mean arterial pressure (ΔMAP),
evoked by application of acetone. Data are categorized by injury group (A.), and by the type
of motor behavior induced by acetone (B.). Symbols are defined in the legend for Figure 2.
The bracket indicates a difference by post hoc comparison.
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Figure 4.
Plantar punctate mechanical stimulation-induced changes of heart rate (ΔHR) and mean
arterial pressure (ΔMAP), evoked by application of von Frey fibers. Data are categorized by
injury group (A.), and by the type of motor behavior induced by von Frey touch (B.).
Symbols are defined in the legend for Figure 2. The brackets indicate differences by post
hoc comparison.
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Figure 5.
Plantar noxious mechanical stimulation-induced changes of heart rate (ΔHR) and mean
arterial pressure (ΔMAP), evoked by pin application. Data are categorized by injury group
(A.), and by the type of motor behavior induced by pin (B.). Symbols are defined in the
legend for Figure 2. The bracket indicates a difference by post hoc comparison.

Rigaud et al. Page 18

Pain. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Plantar heating-induced changes of heart rate (ΔHR) and mean arterial pressure (ΔMAP),
evoked by application of radiant heat. Data are categorized by injury group (A.), and by the
type of motor behavior induced by heating (B.). Symbols are defined in the legend for
Figure 2.
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