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Abstract

When comparing a cumulative dose-response curve for endothelin-1 (ET-1)-induced mechanical
hyperalgesia to the effect of individual doses (1 ng, 10 ng, 100 ng and 1 pg) administered in
separate groups of rats, a marked difference was observed in the peak magnitude of hyperalgesia.
Hyperalgesia was measured as decrease in the threshold for mechanically-induced withdrawal of
the hind paw. The cumulative dosing protocol produced markedly greater maximum hyperalgesia.
To determine whether this was due to the cumulative dosing protocol or to the repeated exposure
to the mechanical test stimulus, we evaluated the impact of repeated testing on ET-1-induced
mechanical hyperalgesia. While ET-1-induced mechanical hyperalgesia was dose- and time-
dependent, repeated testing of nociceptive threshold, at 5 minute intervals, following a single dose
of ET-1, produced further decrease in nociceptive threshold. This mechanical stimulation-induced
enhancement of ET-1 hyperalgesia lasted only 3-4 hrs, while the hyperalgesia lasted in excess of 5
days. The stimulation-enhanced hyperalgesia also occurred after a second injection of ET-1,
administered 24 hours after the initial dose. That this phenomenon is unique to ET-1 is suggested
by the observation that while five additional, direct-acting hyperalgesic agents — PGE,, NGF,
GDNF, IL-6 and TNFa — induced robust mechanical hyperalgesia, none produced mechanical
stimulation-enhanced hyperalgesia.
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Endothelins 1-3 are a family of 21-amino acid isopeptides produced in large part by
vascular endothelium (Butt et al., 2010). Endothelins act as structurally and
pharmacologically distinct potent vasoconstrictors (Yanagisawa et al., 1988, Inoue et al.,
1989). Endothelin receptors (i.e., ETA and ETB) are located on sensory neurons (Laziz et
al., 2010, Werner et al., 2010), as well as in blood vessels (Sanchez et al., 2010), where
endothelin-1 (ET-1) acts to sensitize and, at high concentrations activate nociceptors
(Khodorova et al., 2009). Given the close proximity of nociceptor terminals to blood vessels,
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it is not surprising that the role of ET-1 in pain has been most closely associated with
clinical conditions, in which vascular pathophysiology has been strongly implicated, such as
unstable (Killip, 1980, Krishnan et al., 2010) and variant (Jang et al., 2008, Lee et al., 2008)
angina, Raynaud’s syndrome (Bottomley and Goodfield, 1994, Edwards et al., 1999) sickle
cell crisis (Angerio and Lee, 2003) and complex regional pain syndrome (Noori and
Kabbani, 2003, Groeneweg et al., 2008, Millecamps et al., 2010). To further elucidate the
sensitization induced by ET-1, we studied ET-1-induced mechanical hyperalgesia in the
skin, a tissue in which neurovascular interactions are known to be important (Cameron and
Cotter, 1996, 1997). We now describe a novel phenomenon associated with ET-1-induced
mechanical hyperalgesia, marked enhancement by repeated testing with threshold intensity
noxious mechanical stimuli, and characterize its dose-dependence and temporal relationship
with respect to ET-1- induced mechanical hyperalgesia.

EXPERIMENTALPROCEDURES

Animals

Experiments were performed on adult male Sprague—Dawley rats (220-250 g; Charles
River, Hollister, CA). They were housed three per cage, under a 12-h light/dark cycle, in a
temperature and humidity controlled environment. Food and water were available ad
libitum. All nociceptive testing was done between 10:00 am and 4:00 pm. All experimental
protocols were approved by the UCSF Committee on Animal Research and conformed to
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All
efforts were made to minimize the number of animals used and their suffering.

Nociceptive testing

Drugs

The nociceptive flexion reflex was quantified with an Ugo Basile Analgesymeter®
(Stoelting, Chicago, IL, USA), which applies a linearly increasing mechanical force to the
dorsum of the rat’s hind paw. Nociceptive threshold was defined as the force, in grams, at
which the rat withdrew its paw, but in no case did the applied mechanical force exceed 200
g (cutoff). Hyperalgesia was defined as decrease in nociceptive threshold as a percent of the
baseline threshold. Rats were lightly restrained in cylindrical transparent acrylic restrainers
that have triangular windows on the side, which allow extension of the hind leg from the
restrainer for testing nociceptive threshold. To acclimatize rats to the testing environment,
they were brought to the experimental area in their home cages 15-30 minutes prior to
placing them in the restrainers. Another 15-30 minutes elapsed before starting the
experiment. Experiments were begun only after they were quiet in their restrainers. This
acclimatization procedure consistently results in baseline paw withdrawal thresholds of 100—
110 g for rats weighing 220-250 g, the body weight range for the rats used in this study.
Actual baseline paw withdrawal thresholds in this study were 106.37+0.95 g (mean £
s.e.m.). Each paw was treated as an independent measure and both paws of the same rat
received the same treatment. Each experiment was performed on separate groups of rats, and
no paw was treated with a second injection except in the cases of cumulative dose-response
curve and the tachyphylaxis experiment (see Results).

The drugs employed in this study were: endothelin-1 (ET-1), prostaglandin E, (PGEy) and
interleukin-6 (IL-6) (Sigma-Aldrich, St. Louis, MO, USA), tumor necrosis factor alpha
(TNFo) and nerve growth factor (NGF) (R&D Systems, Minneapolis, MN, USA), and glia-
derived neurotrophic factor (GDNF) (EMD Bioscience, Pacific Center, San Diego, CA,
USA). All drugs were dissolved in saline and administered by intradermal injection on the
dorsum of the hind paw. The doses for ET-1 were determined from two dose-response
studies conducted as part of this study (see Results). For all other drugs the doses employed
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in this study were based on our previous studies (Aley and Levine, 1999, Parada et al., 2003,
Malik-Hall et al., 2005, Bogen et al., 2008, Summer et al., 2008). All drugs were
administered intradermally in a volume of 5 pl using a 30-gauge hypodermic needle
attached to a micro-syringe (Hamilton, Reno, NV) by PE-10 tubing.

Statistical analysis

Results

For the single dose per animal dose-response experiment, one-way between-subjects
ANOVA followed by Scheffé post hoc tests was employed. For the remaining experiments
one-way or two-way repeated measures ANOVAs were employed. If there was a significant
group x time interaction, multivariate analyses (i.e., one-way ANOVAS) were performed for
all time points in order to determine which points accounted for the interaction. In these
cases, a Bonferroni correction was applied in order to account for multiple comparisons. For
within-subjects effects the Mauchly criterion was used to determine if the assumption of
sphericity was met; if not, Greenhouse-Geiser p-values are presented. Statistical significance
(i.e. the a-level) was set at p < 0.05.

Dose dependence of ET-1 hyperalgesia

The dose-dependence of ET-1 mechanical hyperalgesia was assessed by two methods. In the
cumulative dosing protocol, a single group of rats (n=4) received four logarithmically
increasing doses (1 ng — 1 pg; 0.4 pmol — 400 pmol) with a 30 minute interval between each
dose. In the single dose per animal protocol each of the four doses was administered to a
different groups of rats (n=4 per group).

In the single dose per animal protocol, the lowest dose of ET-1 tested (1 ng) produced a
20+1.4% decrease in nociceptive threshold; higher doses produced monotonically greater
decreases in threshold; the highest dose (1 ug) produced a 40+2.7% decrease in threshold
(Fig. 1). The decrease in threshold appears to be asymptotic at the two highest ET-1 doses.

In the cumulative dosing protocol, the lowest dose of ET-1 (1 ng) produced a decrease in
nociceptive threshold (20£1.4%) similar to that observed in the single dose per animal
protocol. However, for each of the higher doses the magnitude of the hyperalgesia was
greater in the cumulative dosing group. The highest dose (1 1g) decreased nociceptive
threshold 49+3.2% in the cumulative dosing protocol, compared to 40+2.7% in the single
dose per animal protocol (Fig. 1).

Time course of ET-1 hyperalgesia

To characterize the time course of ET-1-induced hyperalgesia, a single dose of ET-1 (100
ng) was administered to two separate groups of rats (n=4 per group). Onset of ET-1-induced
hyperalgesia was examined in a group in which testing began one minute after
administration (Fig. 2A), and duration of hyperalgesia was examined in another group in
which testing began 30 minutes after ET-1 administration and continued out 10 days (Fig.
2B).

Onset—Decreased mechanical nociceptive threshold (14.1+2.9%; n=4) was already present
at the first time point assayed, 1 minute after administration (Fig. 2A). The decrease in
threshold was maximal (33+£3.7%) by approximately 5 minutes after administration.

Duration—Decrease in mechanical threshold persisted at near maximal levels out to five

days and were still significant though diminished at 10 days after ET-1 administration, the
last time point sampled in this experiment (Fig. 2B).
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Effect of repeated stimulation on ET-1-induced hyperalgesia

Although the enhanced hyperalgesia observed in the cumulative dosing protocol (Fig. 1)
might be due to the accumulation of ET-1 in the paw, this explanation seems unlikely
because the accumulated amount of all previous doses would constitute only slightly more
than 10% of each succeeding dose. Anather difference between the cumulative dosing and
the single dose per animal protocols was that the cumulative dosing group received repeated
paw withdrawal testing. Therefore, to determine if the repeated mechanical stimulation was
responsible for the markedly greater hyperalgesia observed, we tested the effect of repeated
stimulation after the administration of a single dose of ET-1. Three doses of ET-1 (10 ng, n
=6; 100 ng, n =6; and 1 ug, n = 6) were administered in separate groups (Fig. 3A-C). Paw
withdrawal thresholds were measured at five minute intervals for 15 minutes, starting 15
minutes after the second ET-1 administration. One additional group that received ET-1 (100
ng, n = 4) was measured at one minute intervals for four minutes, starting 15 minutes after
administration, and then one last measurement at 30 minutes (Fig. 3B).

Low dose ET-1 (10 ng)—Although ET-1-induced hyperalgesia tended to increase with
successive testing, the effect did not reach statistical significance (Fig. 3A).

Middle dose ET-1 (100 ng)—Repeated testing significantly enhance ET-1-induced
hyperalgesia in the group that was tested at five minute intervals, but not in the group that
was tested at 1 minute intervals (Fig. 3B).

High dose ET-1 (1 ug)—Repeated testing failed to enhance ET-1-induced hyperalgesia in
this group (Fig. 3C).

Taken together, these results suggest that ET-1 not only induces hyperalgesia, but also
produces a second hyperalgesia effect related to repeated testing. Furthermore, these effects
are additive. The lack of significant stimulation-enhanced hyperalgesia in Figs. 3A, 3C, and
in the one minute interval group in Fig. 3B, indicates that stimulation-enhanced ET-1
hyperalgesia is dependent of both drug dose and frequency of stimulation.

Duration of stimulation-enhanced hyperalgesia

To determine the time course over which ET-1 produces stimulation-enhanced hyperalgesia,
we administered ET-1 to four groups and tested each group at successively longer intervals
after administration (Fig. 4A — C). The dose of ET-1 (100 ng, n = 6) and the stimulation
protocol (five minute intervals for 15 minutes) were the same as the group shown in Fig. 3B
that exhibited stimulation-enhanced hyperalgesia. Groups tested within the first three hours
(Fig. 3A-C; n=6, n =4, n = 6, respectively) all showed stimulation-enhanced hyperalgesia
that was not significantly different from the originally-observed group in Fig. 3B, which was
tested in the first 30 minutes after ET-1 administration. The group tested in the fourth hour
(n = 4), however, failed to demonstrate stimulation-enhanced hyperalgesia. These results
indicate that, although ET-1-induced hyperalgesia lasts several days (Fig. 2), stimulation-
enhanced hyperalgesia is a shorter duration phenomenon that disappears within four hours
of ET-1 administration.

Lack of tachyphylaxis of stimulation-enhanced hyperalgesia

Because the duration of stimulation-enhanced hyperalgesia is much shorter than that of ET-1
hyperalgesia, we determined if stimulation-enhanced hyperalgesia undergoes tachyphylaxis.
ET-1 (100 ng, n = 6) was administered twice, with the second injection 24 hours after the
first. Stimulation-enhanced hyperalgesia following the second ET-1 administration was
indistinguishable from that following a single injection (Fig. 5), suggesting that
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tachyphylaxis for stimulation-enhanced hyperalgesia does not occur with repeated
administration.

Effect of other proalgesic substances

Since stimulation-enhanced hyperalgesia has not, to our knowledge, been previously
reported for any algesic compound, we investigated whether other compounds known to
produce hyperalgesia also induce this novel phenomenon (Fig. 6A — F). The following
compounds were tested: prostaglandin E; (PGE,, n = 4), tumor necrosis factor alpha (TNFa,
n = 4), interleukin-6 (IL-6, n = 4), nerve growth factor (NGF, n = 4) and glia-derived
neurotrophic factor (GDNF, n = 4). Paw withdrawal thresholds were tested at 5 minute
intervals for 15 minutes starting 15 minutes after administration, the same stimulation
protocol used in the group shown in Fig. 3B that exhibited stimulation-enhanced
hyperalgesia (data replotted in Fig. 6A). Although all compounds showed hyperalgesia (Fig.
6B — F), in no case did repeated stimulation enhance this effect.

Discussion

Two effects of ET-1 on the peripheral terminal of the primary afferent nociceptor have been
described, sensitization produced by low-to-moderate doses of ET-1, and activation
produced by high doses (Khodorova et al., 2009). In the present study we characterized the
sensitizing effects of ET-1 in the skin on the dorsum of the rat’s hind paw, a well
vascularized tissue, where nociceptors might be expected to be exposed to, at the very least,
sensitizing concentrations of ET-1.

While we have previously studied the effects of algesic compounds on nociceptor function
using cumulative dosing protocols, (Khasar et al., 1995, Parada et al., 2003, Bogen et al.,
2008) in preliminary studies different groups of animals are often exposed to single doses of
the algesic compounds. When this was done for ET-1, we observed a phenomenon that we
had not previously observed for any of a large number of other algesic compounds or for
which we could find any previous examples in the literature, namely that the higher doses of
ET-1 in the cumulative dose-response curve produced markedly greater hyperalgesia than
when each dose of ET-1 was administered to separate groups of rats. This observation was
not simply due to the effects of repeated injections because repeated injections of saline did
not induce hyperalgesia (unpublished observation). Unexpectedly, our analysis
demonstrated that it was the repeated mechanical stimulation rather than the previous lower
dose of ET-1 that was responsible for the enhanced hyperalgesia observed in the cumulative
dosing protocol. To further characterize this phenomenon, which we refer to as stimulation-
enhanced hyperalgesia, we first examined the impact of the dose of ET-1 injected. The
lowest dose of ET-1 (10 ng) did not induce significant hyperalgesia, nor did the highest dose
(1 pg). In fact, the maximum hyperalgesia induced by the fourth stimulus was greater for the
100 ng dose of ET-1 than for the 1 g dose, suggesting inhibition of stimulation-induced
hyperalgesia with the higher dose. The mechanism by which high dose ET-1 can shut off
stimulation-enhanced hyperalgesia, while still producing mechanical hyperalgesia, remains
to be established; however, it has been shown that ET-1 can evoke the release of 8-
endorphin from keratinocytes through an action at the ETB receptor (Khodorova et al.,
2009, Quang and Schmidt, 2010), suggesting one possible mechanism. That stimulation-
induced enhancement of ET-1 hyperalgesia can be distinguished from ET-1 hyperalgesia is
also supported by our finding that while stimulation-enhanced hyperalgesia had a duration
of 3-4 hours following ET-1 administration, ET-1 hyperalgesia persisted for at least 5 days.
Also, a second injection of ET-1, 24 hours after the first injection, again produced robust
stimulation-enhanced hyperalgesia.
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Since we could not locate prior reports of an effect similar to stimulation-enhanced
hyperalgesia, for other proalgesic substances, and this phenomenon was not previously
reported as an effect of ET-1, we used the protocol established for stimulation-induced
enhancement of ET-1 hyperalgesia, to determine if this phenomenon is produced by several
other direct-acting hyperalgesic mediators (i.e., PGE,, NGF, GDNF, IL-6 and TNFa). Of
note, these compounds include proalgesic mediators that sensitize the TrkA (+)/IB4 (-)
peptidergic (i.e., NGF) and Ret (—)/IB4 (+) non-peptidergic (i.e., GDNF) populations of
nociceptors. While all five proalgesic substances produced robust mechanical hyperalgesia,
none produced even a trend toward stimulation-enhanced hyperalgesia. In addition to
confirming the uniqueness of stimulation-enhanced hyperalgesia as a proalgesic effect of
ET-1, these findings, along with the temporal dissociation of ET-1-induced hyperalgesia and
stimulation-induced enhancement of ET-1 hyperalgesia, support the suggestion that
stimulation-enhanced hyperalgesia is an indirect effect, that is one that is not due to action of
ET-1 on the peripheral terminals of nociceptor in the injected skin. This further distinguishes
stimulation-enhanced hyperalgesia from ET-1-induced hyperalgesia, for which there is
considerable evidence that it is produced by a direct action of ET-1 on the peripheral
terminals of the primary afferent nociceptor (Hamamoto et al., 2008, Imamachi et al., 2009).
Future studies will be required to determine if stimulation-enhanced hyperalgesia produced
by ET-1 is mediated by its acting directly on nociceptor second messenger signaling
pathways, indirectly by vascular mechanisms, or by other indirect effects of ET-1. If the
effect of ET-1 is indirect then it will also be important to determine the substance released
from the indirect target, by the mechanical stimulation, which acts on the primary afferent
nociceptor to enhance mechanical hyperalgesia. Another important question for future
experiments relates to how this unique effect of ET-1 might interact with hyperalgesia
induced by other compounds of the inflammatory soup, since ET-1 has also been implicated
in neuropathic pain in preclinical studies (Klass et al., 2005).

Why stimulation-enhanced hyperalgesia by ET-1 has not been described previously is
currently unknown. Certainly if it is restricted to the algesic effects of ET-1, experimental
protocols with this compound may have been markedly influenced by the experimental
design used to study the hyperalgesic effects of a large number of other mediators that
produce hyperalgesia but not stimulation-enhanced hyperalgesia. For example, threshold
readings may have only been recorded after stable responses were observed, after 2 or 3 pre-
readings. And, the time between test stimuli influences one’s ability to detect stimulation-
enhanced hyperalgesia (Fig. 3A—-C). Relatively, low neurovascular function of tissues in
which nociceptive testing was performed might also prevent detection of stimulation-
enhanced hyperalgesia. Furthermore, the complex dose-dependence of the nociceptive
effects of ET-1, producing dose-dependent hyperalgesia at low- and mid-concentration
range, and overt pain at high concentrations, may have obscured detection of stimulation-
enhanced hyperalgesia in studies of ET-1-associated pain.

In conclusion, we report a novel dimension of ET-1-induced pain, one in which mechanical
stimulation, at or below nociceptive threshold (which decreases from one stimulus to the
next) produces a marked enhancement of ET-1-induced mechanical hyperalgesia in a highly
vascular tissue, the skin on the dorsum of the hind paw. Importantly, the intensity of the
stimulus needed to elicit this effect is, at most, only mildly noxious, being at or below
nociceptive threshold. The fact that activity markedly enhances vascular pain syndromes
(Cameron and Cotter, 1996) supports the suggestion that stimulation-enhanced hyperalgesia
may have a prominent role in pain arising from the blood vessels. However, until such time
as the mechanism of stimulation-enhanced hyperalgesia is elucidated it will be hard to
specify its precise role in ET-1-dependent pain syndromes.
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Figure 1. Dose-response of ET-1-induced hyperalgesia, effect of cumulative dosing compared to
single dose per animal

Four logarithmically increasing doses of ET-1 (1 ng, 10 ng, 100 ng and 1 pg) were
administered in both dosing regimens. For cumulative dosing, a single group of rats received
all four doses administered at 30 minute intervals; separate groups of rats received each dose
in the single dose per animal regimen. Each data point represents the average paw
withdrawal threshold measured at 15, 20, and 25 minutes after ET-1 administration. For the
cumulative dosing group one-way repeated measures ANOVA showed a significant effect of
dose (F3,9=32.492; p<0.001); simple contrasts showed that all doses were significantly
different from the first dose (p=0.012, p=0.010, p=0.003, respectively). For the single dose
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groups one-way between subjects ANOVA showed a significant main effect (F3,12=21.485;
p<0.001); Scheffé post hocs showed that the lowest dose (1 ng) did not differ significantly
from the second lowest (10 ng) dose (p=0.367) but did differ significantly from the two
highest doses (p=0.001, p<0.001, respectively). To compare the effects of cumulative and
single dosing at each time point, univariate analyses showed: 1 ng (p=1.000), 10 ng
(p=0.017), 100 ng (p=0.053), 1 pg (p=0.013), suggesting that cumulative dosing induces
greater hyperalgesia than a single dose per animal protocol. In this and subsequent figures
data are plotted as mean + s.e.m.
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Figure 2. Time course of ET-1-induced hyperalgesia

A. Onset. Paw withdrawal thresholds measured at one minute intervals after ET-1 (100 ng)
administration showed a steep rise in hyperalgesia to near-maximal levels within five
minutes. One-way repeated measures ANOVA showed a significant effect of time

(F4,20=16.921; p=0.002).

B. Duration. Paw withdrawal thresholds measured at 0.5, 1, 2, 3, 4, and 5 hours, and 5 and
10 days after ET-1 (100 ng) administration showed a gradual decrease in hyperalgesia to
near-baseline levels by day 10. One-way repeated measures ANOVA showed a significant
effect of time (F6,30=7.276; p=0.005).
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Figure 3. Effect of repeated stimulation on ET-1-induced hyperalgesia

Paw withdrawal thresholds were measured every five minutes starting 15 minutes after ET-1
administration. Different doses were administered to different groups of rats. Low dose (10
ng). The hyperalgesic effect of ET-1 did not change significantly with stimulation repeated
at five minute intervals at this dose (F3,15=1.987; p=0.188). Medium dose (100 ng). Two
stimulation protocols (“5 min” and “1 min”) were tested at this dose in different groups of
rats. The hyperalgesic effect of ET-1 differed significantly depending on the repeated
stimulation protocol. Two-way repeated measures ANOVA showed a significant group x
time interaction (F1,8=11.302; p=0.010) as well as a significant main effect of time
(F1,8=131.542; p<0.001), but not a significant main effect of group (F1,8=1.301; p=0.287).
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Based on the significant interaction, one-way repeated measures ANOVAs were performed
for each group. For the five minute interval group, this analysis showed a significant effect
of time (F3,15=33.716; p<0.001), indicating that repeated stimulation significantly
increased the hyperalgesic effect of ET-1. For the one minute interval group, this analysis
was not significant (F4,12=6.333; p<0.069), indicating that enhancement of ET-1
hyperalgesia is frequency dependent.

High dose (1 pg). The hyperalgesic effect of ET-1 did not change significantly with
stimulation repeated at five minute intervals at this dose (F3,15=0.129; p=0.942).
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Figure 4. Duration of stimulation-enhanced hyperalgesia

Separate groups of rats were tested for stimulation-induced hyperalgesia at increasing
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intervals of one hour after ET-1 (100 ng) administration (1 — 4 hours, panels A — D). (Note:
groups are designated by the time of the last measurement since ET-1 administration.) Each
group was tested at five minute intervals for 15 minutes (Readings 1 — 4), similar to the 5

minute interval 30 minute group shown in Fig. 3B (replotted in this figure for comparison).

Two-way repeated measures ANOVA with one within-subjects factor (time) and one

between-subjects factor (group) was performed for each of the four experiments. The 1 hour,

2 hour, or 3 hour groups each showed a significant main effect of time (F3,30=32.035;

p<0.001), (F3,24=36.971; p<0.001), and (F3,30=29.956; p<0.001), respectively, but not a
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significant group x time interaction (F3,30=0.210; p=0.832), (F3,24=0.653; p=0.533), and
(F3,30=0.558; p=0.592), nor a significant main effect of group (F1,10=0.118; p=0.738),
(F1,8=0.196; p=0.669), and (F1,10=0.826; p=0.385). Thus, while there was an overall
change over time for these three groups, there was no significant difference between the
groups. The 4 hour group showed a significant main effect of time (F3,24=7.286; p<0.001)
as well as a significant group x time interaction (F3,24=15.808; p<0.001), but not a
significant main effect of group (F1,8=1.539; p=0.250). Based on the significant interaction,
separate one-way repeated measures ANOVAs were performed for each of the two groups.
The effect of time for the four hour group was not significant (F3,9=1.800; p=0.217),
indicating that stimulation-enhanced hyperalgesia was no longer present at the four hour
time point. See Fig. 3B for the ANOVA result for the 30 minute group.
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Figure 5. The effect of repeated ET-1 administration on stimulation-enhanced hyperalgesia
ET-1 (100 ng) was administered twice, the second dose 24 hours after the first. Paw
withdrawal thresholds were measured at five minute intervals for 15 minutes, starting 15
minutes after the second ET-1 administration. Data for the 5 minute interval 30 minute
group shown in Fig. 3B is replotted in this figure for comparison. Two-way repeated
measures ANOVA with one within-subjects factor (time) and one between-subjects factor
(group) showed no significant differences between the two groups. Main effect of group was
F1,10=0.022; p=0.886; and the group x time interaction was F3,30=1.129; p=0.349. These
results indicate that stimulation-enhanced hyperalgesia does not undergo tachyphylaxis with
repeated ET-1 administration.
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Figure 6. Effect of repeated stimulation on hyperalgesia for other algesic agents
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The ability of other proalgesic substances to induce stimulation-enhanced hyperalgesia was
tested. Prostaglandin E, (PGE>, 100 ng, panel B), tumor necrosis factor alpha (TNFa, 100
ng, panel C), interleukin-6 (IL-6, 1 ng, panel D), nerve growth factor (NGF, 1 pg, panel E)
and glia-derived neurotrophic factor (GDNF, 10 ng, panel F) were administered. Paw
withdrawal thresholds were measured at five minute intervals for 15 minutes, starting 15
minutes after administration. Data for the 5 minute interval 30 minute group that received
ET-1, shown in Fig. 3B, is replotted in this figure (panel A) for comparison. One-way
repeated measures ANOVA showed there was no significant effect of time in any of these
experiments: PGE, (F3,9=0.600; p=0.631), TNF (F3,9=0.225; p=0.804), IL-6 (F3,9=0.007;
p=1.000), NGF (F3,9=1.670; p=0.281), GNDF (F3,9=0.659; p=0.510). These results

suggest that stimulation-enhanced hyperalgesia is a novel property of ET-1.
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