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ympathetic Vasoconstrictor Antagonism and Vasodilatation
elieve Mechanical Allodynia in Rats With Chronic
ostischemia Pain

imitris N. Xanthos‡,§ and Terence J. Coderre*,†,‡,§,�

epartments of *Anesthesia, †Neurology and Neurosurgery, ‡Psychology and §Centre for Research on Pain,
cGill University, and �McGill University Health Centre Research Institute, Montreal, Quebec, Canada.

Abstract: Chronic pain that responds to antisympathetic treatments and �-adrenergic antagonists
is clinically referred to as sympathetically maintained pain. Animal models of neuropathic pain have
shown mixed results in terms of antinociceptive effectiveness of antisympathetic agents. The effec-
tiveness of these agents have not been yet investigated in animal models of complex regional pain
syndrome-type 1 (CRPS-I). In this study, we examined the effectiveness of antisympathetic agents and
sympathetic vasoconstrictor antagonists, as well as agents that are vasodilators, in relieving mechan-
ical allodynia in a recently developed animal model of CRPS-I (chronic postischemia pain or CPIP)
produced by 3 hours of hind paw ischemia-reperfusion injury. Systemic guanethidine, phentolamine,
clonidine, and prazosin are effective in reducing mechanical allodynia particularly at 2 days after
reperfusion, and less so at 7 days after reperfusion. A nitric oxide donor vasodilator, SIN-1, also
reduces mechanical allodynia more effectively at 2 days after reperfusion, but not at 7 days after
reperfusion. These results suggest that the pain of CPIP, and possibly also CRPS-I, is relieved by
reducing sympathetically mediated vasoconstriction, or enhancing vasodilatation.
Perspective: The results of this study indicate that sympathetic block, or administration of �1-
adrenergic antagonists, clonidine, or a nitric oxide donor, relieve allodynia in an animal model of
CRPS-I. Thus, the pain of CRPS-I may depend on enhanced vasoconstrictor responsiveness, which may
be relieved by blocking sympathetic efferent-dependent vasoconstriction, or by enhancing nitric oxide–
dependent vasodilatation.

© 2008 by the American Pain Society
Key words: Complex regional pain syndrome, ischemia-reperfusion injury, neuropathic pain, allodynia,

sympathetic block, adrenergic receptors.
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omplex regional pain syndrome-type I (CRPS-I) is a
disorder that occurs after fracture, soft tissue or
crush injury.16 Symptoms of CRPS-I include sponta-

eous burning (cutaneous) and aching (deep) pain, hy-
eralgesia, allodynia, and disorders of vasomotor and
udomotor regulation.27,57 CRPS-II is similar but also ex-
ibits a clinically verified nerve injury.74
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Although controversial, sympathetic blocks are often
eported to relieve CRPS pain.10,29,68 CRPS pain is also
elieved with �-adrenergic antagonists such as phentol-
mine or phenoxybenzamine,48,52 agents that have been
sed as diagnostic tools for identifying so-called sympa-
hetically maintained pain (SMP).3,76 Although clinical
tudies have not determined the specific mechanisms of
MP, CRPS-I patients display abnormal responses to sym-
athetic stimulation75 and enhanced vasoconstrictive re-
ponses to norepinephrine (NE),1,4 as well as painful re-
ponses to intradermal NE.69 Pain relief in CRPS patients
sually follows warming of the affected limb,5,62,70 sug-
esting that vasodilatation may be important to pain
elief by sympathetic blockade in CRPS.70

Sympathectomy also relieves neuropathic pain in animals
ith spinal nerve ligation (SNL), chronic constriction injury

f the sciatic nerve (CCI), and partial sciatic nerve liga-
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ion32,65 (PSNL) (however, see Ringkamp et al54) but not
ryoneurolysis or sural and tibial nerve transection.24,77

-Adrenergic antagonists also relieve neuropathic pain in
nimal models26,34,41 (but see Park et al51; Ringkamp et
l55). Mechanisms that have been suggested for SMP in
hese models of CRPS-II include sympathetic efferent–pri-
ary afferent coupling,12 possibly after sympathetic fiber

prouting,40,53 or de novo adrenergic sensitivity in dam-
ged afferents,17,72 dorsal root ganglion cells,18,47 or affer-
nt nociceptors.50,59 De novo adrenergic sensitivity may de-
end on upregulation of adrenoceptors on primary
fferent nerve fibers7,13,79 or other indirect mechanisms
uch as tissue ischemia due to enhanced vasoconstrictive
esponsiveness to NE. Importantly, rats with CCI have im-
aired vasoconstriction to sympathetic stimulation and en-
anced vasoconstriction to exogenous NE.36,37

We recently introduced chronic postischemia pain (CPIP)
s an animal model of CRPS-I produced after hind paw
schemia-reperfusion (I-R) injury.14 This animal model
hows signs of I-R injury such as no-reflow and vascular
bnormalities, as well as nociceptive and vascular hyper-
ensitivity to norepinephrine.38,78 The pain-relieving ef-
ects of antisympathetic agents have not previously been
ested in animal models of CRPS-I.21,22,71 In this report, we
xamine whether antisympathetic drugs, and agents that
re vasodilators, are effective in reducing painful symp-
oms in this model. Thus, we test the effectiveness of sym-
athetic block with guanethidine, or systemic treatments
ith the �1- and �2-adrenergic antagonists prazosin and

ohimbine, the �2-adrenergic agonist clonidine, and a ni-
ric oxide donor, in relieving mechanical allodynia in CPIP
ats at 2 and 7 days after reperfusion.

aterials and Methods

nimals
Male Long-Evans hooded rats (275–325 g; Charles
iver, Quebec, Canada) were housed in groups of 3 to 4,
ith food and water available ad libitum, on a 12:12-
our light:dark cycle. All treatments and testing proce-
ures were approved by the Animal Care Committee at
cGill University, and conformed to the ethical guide-

ines of the Canadian Council on Animal Care and the
nternational Association for the Study of Pain.

nimal Model of CRPS-I
Chronic postischemia pain was generated after expo-

ure to prolonged hind paw ischemia and reperfusion as
escribed in Coderre et al.14 Briefly, rats were anesthe-
ized over a 3- to 4-hour period with a bolus (40 mg/kg,
.p.) and chronic intraperitoneal infusion of sodium pen-
obarbital for 2 hours (13 mg/h for the first hour, 6.5
g/h for the second hour). After induction of anesthesia,
Nitrile 70 Durometer O-ring (O-Rings West, Seattle,
A) with a 7/32-inch internal diameter was placed

round the rat’s left hind limb just proximal to the ankle
oint for 3 hours. We standardized the position of the
-ring to a point on the limb just proximal to the medial

alleolus of the tibia. The termination of sodium pento- a
arbital anesthesia was timed so that rats recovered fully
ithin 30 to 60 minutes after reperfusion, which oc-

urred immediately after removal of the O-ring. Sham
ats received exactly the same treatment, except that the
-ring was cut, so that it only loosely surrounded the
nkle and did not occlude blood flow to the hind paw.

echanical Sensitivity Nociceptive
esting
Hind paw mechanical thresholds were assessed by
easuring the withdrawal response to von Frey filament

timulation according to a modification of the up/down
ethod described by Chaplan et al.11 In brief, rats were
laced in a plexiglas box (21 � 16 � 27 cm3) with a wire
rid bottom through which the von Frey filaments (nylon
onofilaments; Stoelting, Woodale, IL) were applied to

he plantar surface of the hind paw. Filaments were ap-
lied in either ascending or descending strength as nec-
ssary to determine the filament closest to the threshold
f response. Each filament was applied once for 10 sec-
nds to the center of the paw between the pads, and a

ower intensity hair followed each positive response,
hereas a higher intensity hair followed each negative

esponse (until 5 responses were recorded after a first
hange in response). The minimum stimulus intensity
as 0.25 g and the maximum was 15 g. Based on the

esponse pattern and the force of the final filament, the
0% response threshold (grams) was calculated. The re-
ulting pattern of positive and negative responses was
abulated, and the 50% response threshold was interpo-
ated using the formula 50% g threshold � (10[xf � k�])/
0,000, where xf � the value (in log units) of the final von
rey hair used; k � tabular value11 for pattern of positive/
egative responses; and � � mean difference (in log
nits) between stimuli (here, 0.224). Hairs were from the
tandard Semmes-Weinstein series.63

rugs
Guanethidine, phentolamine, prazosin, yohimbine,

nd clonidine were all obtained from Sigma (Oakville,
ntario, Canada). 3-Morpholinylsydnoneimine chloride

SIN-1) was obtained from Tocris Bioscience (Ellisville,
O). All agents were diluted in a 0.9% saline vehicle.

rug Administration Protocol
Mechanical sensitivity was tested before CPIP induction

nd before drug administration on day 2 or day 7 days after
eperfusion (predrug) and at various times after drug ad-
inistration. To avoid testing rats that did not exhibit allo-

ynia, it was decided a priori that, for all groups, only rats
ith postreperfusion (predrug) von Frey thresholds less

han 6 g were used in the drug trials (accordingly, the mean
nd SEM for baseline von Frey thresholds only include rats
hat were subsequently given drug treatments).
For sympathetic block experiments, vehicle or guanethi-

ine (30 mg/kg) was injected subcutaneously twice (sepa-
ated by 24 hours) on either days 2 and 3 or days 7 and 8
fter reperfusion. Mechanical allodynia was tested 4 hours

fter the second injection on day 3 (for days 2–3 guaneth-
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dine) or day 8 after reperfusion (for days 7–8 guanethi-
ine). Separate groups of rats that received vehicle or
uanethidine injections on days 2 to 3 were tested on days
, 5, 9, and 14 after reperfusion. Previous studies have
hown that even a single dose of systemic guanethidine is
ufficient for long-term sympathetic blockade.33,45

For dose-effect studies with phentolamine (1–5 mg/
g), prazosin (1–5 mg/kg), yohimbine (1–5 mg/kg),
lonidine (0.01–0.1 mg/kg), and SIN-1 (1–10 mg/kg), the
rugs were administered intraperitoneally, and mechan-

cal allodynia was tested 20 minutes later on either day 2
r 7 after reperfusion. Separate rats were tested on days
and 7. For time-course studies, rats were tested over a

-hour period on day 2 after reperfusion with the high-
st dose of each drug (except guanethidine). All drug
osages were selected on the basis of previous studies
xamining the effects of these agents on nocicep-
ion.26,34,44,51,55,64,67 Furthermore, all drug doses that
ere used were determined not to induce significant
bnormalities in the rotorod test. The highest doses of
hentolamine, prazosin, and yohimbine used produced
significant inhibition of NE-induced reductions in hind
aw blood flow as measured by laser Doppler flowmetry
data not shown). All experiments were performed by
sing a randomized blocks design, and at the time of
esting the experimenter was blind to the animal’s treat-
ent. Six to 7 rats were used per group.

tatistics
Group comparisons were analyzed using a 2-way re-
eated-measures ANOVA followed by Fisher’s post hoc
ests. Preinjury baseline von Frey thresholds are included
n the figures for each drug trial but are not included in
he statistical analyses.

esults
Approximately 70% of rats subjected to the CPIP pro-

edure displayed mechanical allodynia (von Frey thresh-
ld below 6 g) and were used in the drug trials. There
ere no significant differences between groups in base-

ine paw-withdrawal thresholds or predrug trial thresh-
lds at 2 days or 7 days after reperfusion.

ffect of Sympathetic Block on CPIP
echanical Allodynia

Fig 1A shows von Frey thresholds of CPIP rats before
nd after guanethidine or vehicle treatment starting on
ay 2 after reperfusion. Two-way ANOVA reveals signif-

cant main effects of group (F1, 23 � 5.77, P � .05) and
ime (F1, 23 � 4.85, P � .05) and a significant group � time
nteraction (F1, 23 � 19.33, P � .01). The vehicle injection
id not produce a significant antiallodynic effect (P �

05); however, guanethidine-treated rats displayed a sig-
ificant increase in paw withdrawal threshold after the
-day guanethidine treatment (P � .01). Continuing daily
uanethidine treatment for up to 7 days did not result in
ny further reduction of mechanical allodynia (data not
hown). Fig 1B shows von Frey thresholds of CPIP rats

efore and after guanethidine or vehicle treatment P
tarting on day 7 after reperfusion. Two-way ANOVA
eveals nonsignificant main effects of group (F1, 23 �
.05, P � .05) and time (F1, 23 � 1.12, P � .05) and a
onsignificant group � time interaction (F1, 23 � 0.12,
� .05). This suggests that at this time point on day 8, the
-day guanethidine treatment did not reduce mechani-
al allodynia. Fig 1C shows von Frey thresholds of CPIP
ats before and for 14 days after vehicle or guanethidine
reatment on days 2 and 3 after reperfusion. Two-way
NOVA reveals a significant effect of group (F1, 64 � 7.20;

igure 1. A, Effect of sympathetic block with guanethidine on
echanical allodynia in chronic postischemia pain (CPIP) rats at
days after reperfusion. CPIP rats display a significant reduction

n mechanical allodynia after 2-day guanethidine treatment
tarting 2 days after reperfusion (**P � .01, as compared with
PIP before drug; n � 6 for each group). B, Effect of sympathetic
lock with guanethidine on mechanical allodynia in CPIP rats at
days after reperfusion. CPIP rats did not display a significant

eduction in mechanical allodynia after 2-day guanethidine
reatment starting 7 days after reperfusion (n � 6 for each
roup). C, Effect of sympathetic block with guanethidine on
echanical allodynia in CPIP rats at 3, 5, 9, and 14 days after

eperfusion. CPIP rats display a significant reduction in mechan-
cal allodynia at 3, 5 and 14 days, after 2-day guanethidine treat-

ent starting 2 days after reperfusion (*P � .05, **P � .01, as
ompared with CPIP before drug; n � 6 for guanethidine group,
� 7 for vehicle group). I-R, ischemia-reperfusion.
� .05) and time (F4, 64 � 2.81; P � .05), and a nonsig-
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ificant group � time interaction (F4, 64 � 1.97, P � .05).
he guanethidine treatment resulted in significant in-
rease of paw withdrawal threshold as compared with
ay 2 predrug baseline, at day 3 (P � .01), day 5 (P � .05),
nd day 14 (P � .01). The vehicle treatment did not result
n any significant increase of paw withdrawal threshold
t any of the time points tested.

ffect of the Mixed �1/�2-Adrenergic
ntagonist Phentolamine on CPIP
echanical Allodynia

Fig 2A shows the von Frey thresholds of 2-day CPIP rats
efore and 20 minutes after treatment with vehicle or 1,

igure 2. A, Effect of systemic phentolamine in chronic postisch-
mia pain (CPIP) rats at 2 days after reperfusion. CPIP rats display a
ignificant reduction in mechanical allodynia with 5 mg/kg i.p.
hentolamine administration but not with the 1 or 2.5 mg/kg
oses (**P � .1 as compared with CPIP before drug; n � 6 for each
roup). B, Effect of systemic phentolamine in CPIP rats at 7 days
fter reperfusion. CPIP rats did not display a significant reduction

n mechanical allodynia with either 1, 2.5, or 5 mg/kg phentol-

bmine doses at 7 days after reperfusion (n � 6 for each group).
.5, and 5 mg/kg phentolamine. Two-way ANOVA
evealed a significant main effect of time (pre-post)
F1, 47 � 8.05, P � .05), a nonsignificant main effect of
ose (F3, 47 � 0.58, P � .05), and a nonsignificant time �
ose interaction (F3, 47 � 2.05, P � .05). Neither the vehi-
le, 1 mg/kg phentolamine, nor 2.5 mg/kg phentolamine
njection doses resulted in significant increases in paw
ithdrawal thresholds (P � .05). However, the time ef-

ect was significant because the 5 mg/kg phentolamine
ignificantly increased in paw withdrawal threshold af-
er the drug as compared with before the drug (P � .01).
ig 2B shows the von Frey thresholds of 7-day CPIP rats
efore and 20 minutes after treatment with vehicle or 1,
.5, and 5 mg/kg phentolamine. Two-way ANOVA re-
eals nonsignificant main effects of time (pre-post)
F1, 47 � 1.36, P � .05) and dose (F3, 47 � 0.52, P � .05) as
ell as a nonsignificant dose � time interaction (F3, 47 �
.43, P � .05). Therefore, it appears that phentolamine is
ot effective at 7 days after reperfusion, and only the
ighest dose at 2 days after reperfusion is able to reduce
echanical allodynia in CPIP rats.

ffect of the �1-Adrenergic Antagonist
razosin on CPIP Mechanical Allodynia
Fig 3A shows the von Frey thresholds of 2-day CPIP rats
efore and 20 minutes after treatment with vehicle or 1,
.5, and 5 mg/kg prazosin. Two-way ANOVA reveals sig-
ificant main effects of time (pre-post) (F1, 47 � 28.27, P �

0001) and dose (F3, 47 � 3.90, P � .05) and a significant
ime � dose interaction (F3, 47 � 4.59, P � .05). The vehi-
le injection did not result in a significant increase in paw
ithdrawal threshold (P � .05). All 3 prazosin doses, 1,
.5, and 5 mg/kg, resulted in significant increases in paw
ithdrawal thresholds (P � 0.01). Fig 3B shows the von

rey thresholds of 7-day CPIP rats before and 20 minutes
fter treatment with vehicle or 1, 2.5, and 5 mg/kg pra-
osin. Two-way ANOVA reveals a significant main effect
f time (pre-post) (F1, 47 � 8.80, P � .01), a nonsignificant
ain effect of dose (F3, 47 � 0.67, P � .05), and a nonsig-

ificant time � dose interaction (F3, 47 � 0.95, P � .05).
he vehicle injection did not result in a significant in-
rease in paw withdrawal threshold (P � .05). The time
ffect was significant because the 2.5 mg/kg dose signif-
cantly increased the paw withdrawal thresholds after
he drug as compared with before the drug (P � .05).
owever, neither the 1 mg/kg nor the 5 mg/kg prazosin
oses were able to significantly increase the paw with-
rawal thresholds relative to predrug levels (P � .05).
owever, rats that received the 5 mg/kg dose of prazosin
id have significantly higher von Frey thresholds than
ats that received vehicle (P � .05). It appears that pra-
osin is able to reduce mechanical allodynia at both 2
nd 7 days after reperfusion, and is more effective at 2
ays after reperfusion in CPIP rats.

ffect of the �2-Adrenergic Antagonist
ohimbine on CPIP Mechanical Allodynia
Fig 4A shows the von Frey thresholds of 2-day CPIP rats

efore and 20 minutes after treatment with vehicle or 1,
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.5, and 5 mg/kg yohimbine. Two-way ANOVA shows
onsignificant main effects of time (pre-post) (F1, 47 �
.61, P � .05) and dose (F3, 47 � 0.01, P � .05) as well as a
onsignificant time � dose interaction (F3, 47 � 1.02, P �

05). This suggests that none of these doses of yohimbine
re able to relieve mechanical allodynia at 2 days after
eperfusion. Fig 4B shows the von Frey thresholds of
-day CPIP rats before and 20 minutes after treatment
ith vehicle or 1, 2.5, and 5 mg/kg yohimbine. Two-way
NOVA shows nonsignificant main effects of time (pre-
ost) (F1, 47 � 0.56, P � .05) and dose (F3, 47 � 0.66, P �

05) as well as a nonsignificant time � dose interaction

igure 3. A, Effect of systemic prazosin in chronic postischemia
ain (CPIP) rats at 2 days after reperfusion. CPIP rats display a
ignificant reduction in mechanical allodynia with 1, 2.5, and 5
g/kg prazosin administration (**P � .01 as compared with

PIP before drug; n � 6 for each group). B, Effect of systemic
razosin in CPIP rats at 7 days after reperfusion. CPIP rats display
significant reduction with the 2.5 and 5 mg/kg doses, but not

he 1 mg/kg prazosin dose at 7 days after reperfusion (*P � .05
s compared with CPIP before drug, #P � .05 as compared with
PIP after vehicle; n � 6 for each group).
F
3, 47

� 0.19, P � .05). Therefore, it appears that yohim- h
ine is unable to reduce mechanical allodynia in CPIP rats
ither at 2 days or 7 days after reperfusion.

ffect of the �2-Adrenergic Agonist
lonidine on CPIP Mechanical Allodynia
Fig 5A shows the von Frey thresholds of 2-day CPIP rats
efore and 20 minutes after treatment with vehicle or
.01, 0.025, and 0.1 mg/kg clonidine, as well as pretreat-
ent with a 5 mg/kg yohimbine dose before a 0.1 mg/kg

lonidine injection. Two-way ANOVA reveals a signifi-
ant main effect of time (pre-post) (F1, 59 � 12.34, P �
01), a nonsignificant main effect of dose (F4, 59 � 2.39,

� .05), and a significant time � dose interaction
F4, 59 � 3.55, P � .05). Neither the vehicle injection nor
he 0.01 mg/kg clonidine dose resulted in a significant
ncrease in paw withdrawal threshold (P � .05). Both the

igure 4. A, Effect of systemic yohimbine in chronic postisch-
mia pain (CPIP) rats at 2 days after reperfusion. CPIP rats did
ot display a significant reduction in mechanical allodynia with
ither the 1, 2.5, or 5 mg/kg yohimbine dose (n � 6 for each
roup). B, Effect of systemic yohimbine in CPIP rats at 7 days
fter reperfusion. CPIP rats did not display a significant reduc-
ion in mechanical allodynia with either 1, 2.5, or 5 mg/kg yo-

imbine dose at 7 days after reperfusion (n � 6 for each group).
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.025 mg/kg and the 0.1 mg/kg clonidine doses resulted
n significant increases in paw withdrawal thresholds
P � .05 and P � .01, respectively). Further, pretreatment
ith yohimbine fully inhibited any increase in paw with-
rawal threshold observed with the highest dose of
lonidine (P � .05), confirming that the effects are �2-
drenergic receptor mediated. Fig 5B shows the von Frey
hresholds of 7-day CPIP rats before and 20 minutes after
reatment with vehicle or 0.01, 0.025, and 0.1 mg/kg
lonidine. Two-way ANOVA shows a significant main ef-
ect of time (pre-post) (F1, 47 � 9.34, P � .01), a nonsig-
ificant main effect of dose (F3, 47 � 1.1, P � .05), and a
onsignificant time � dose interaction (F3, 47 � 0.97, P �

05). Neither the vehicle injection, the 0.01 mg/kg, nor

igure 5. A, Effect of systemic clonidine in chronic postischemia
ain (CPIP) rats at 2 days after reperfusion. CPIP rats display
ignificant reductions in mechanical allodynia with the 0.025
nd 0.1 mg/kg clonidine doses but not with the 0.01 mg/kg dose.
he effect of the highest dose of clonidine was reversed by
ohimbine (*P � .05 and **P � .01, as compared with CPIP
efore drug; n � 6 for each group). B, Effect of systemic
lonidine in CPIP rats at 7 days after reperfusion. CPIP rats dis-
lay a significant reduction in mechanical allodynia with a 0.1
g/kg clonidine dose but not with the 0.01 or 0.025 mg/kg dose

t 7 days after reperfusion. (*P � .05 as compared with CPIP
efore drug; n � 6 for each group).
he 0.025 mg/kg clonidine doses resulted in significant s
ncreases in paw withdrawal threshold (P � .05). The
ime effect was significant, however, since the 0.1 mg/kg
lonidine dose significantly increased in paw withdrawal
hresholds after the drug as compared with before the
rug (P � .05). Therefore, it appears that clonidine is able
o significantly reduce mechanical allodynia at 2 days,
nd lesser so at 7 days, after reperfusion.

ime Course of Antiallodynia of
drenergic Agents on CPIP
Fig 6 shows an antiallodynia time course of the highest
ose of the above drugs (except guanethidine) on 2-day
PIP rats at 20, 40, 60, 80, 120, and 180 minutes after
rug injection. Two-way ANOVA revealed significant
ain effects of group (F4, 209 � 14.40, P � .0001) and time

F6, 209 � 13.29, P � .0001) as well as a significant group �
ime interaction (F24, 209 � 2.92, P � .0001). None of the
ostinjection paw withdrawal thresholds in the vehicle
roup are significantly different from the preinjection
aw withdrawal threshold. For phentolamine, paw with-
rawal thresholds are significantly increased compared
ith vehicle at the 60-minute time point (P � .05). For
razosin, paw withdrawal thresholds are significantly in-
reased compared with vehicle at the 20-, 40-, 60-, 80-
P � .01), and 120-minute (P � .05) time points. For yohim-
ine, paw-withdrawal thresholds fail to differ significantly
rom vehicle at any time point. Finally, for clonidine, paw
ithdrawal thresholds are significantly increased com-
ared with vehicle at the 20-, 40-, 60-, 80- (P � .01), and

igure 6. Three-hour time course of antiallodynic effects pro-
uced by systemic phentolamine, prazosin, yohimbine, and
lonidine in 2-day chronic postischemia pain (CPIP) rats. Phen-
olamine (5 mg/kg) significantly reduced mechanical allodynia at
0 minutes after injection. Prazosin (5 mg/kg) significantly reduced
echanical allodynia at 20, 40, 60, 80, and 120 minutes after injec-

ion. Yohimbine (5 mg/kg) did not significantly reduce mechanical
llodynia at any time measured. Clonidine (0.1 mg/kg) significantly
educed mechanical allodynia at 20, 40, 60, 80, and 120 minutes
fter injection (*P � .05 and **P � .01, as compared with corre-

ponding vehicle time point; n � 6 for each group).
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20-minute (P � .05) time points. Therefore, phentolamine,
razosin, and clonidine, but not yohimbine, are able to
elieve mechanical allodynia with peak antiallodynia ob-
erved approximately 60 minutes after injection.

ffect of a Nitric Oxide Donor
asodilator (SIN-1) on CPIP Mechanical
llodynia
Fig 7A shows the von Frey thresholds of 2-day CPIP rats
efore and 20 minutes after treatment with vehicle or 1,
, and 10 mg/kg of SIN-1. Two-way ANOVA revealed a
ignificant main effect of time (F1, 53 � 24.02, P � .0001),
nonsignificant main effect of dose (F3, 53 � 2.54, P �

05), and a significant time � dose interaction (F3, 53 �
.87, P � .01). The vehicle injection did not result in a

igure 7. A, Effect of systemic SIN-1 in chronic postischemia
ain (CPIP) rats at 2 days after reperfusion. CPIP rats display
ignificant reductions in mechanical allodynia with either 1, 3,
r 10 mg/kg doses (*P � .05 and **P � .01, as compared with
PIP before drug; n � 7 for each group). B, Effect of systemic
IN-1 in CPIP rats at 7 days after reperfusion. CPIP rats did not
isplay significant reductions in mechanical allodynia with ei-
her 1, 3, or 10 mg/kg of SIN-1 at 7 days after reperfusion (n � 6
or each group).
ignificant increase in paw withdrawal threshold (P � m
05). All 3 doses, 1, 2.5 (P � .05), and 10 mg/kg (P � .01),
esulted in significant increases in paw withdrawal
hresholds. Fig 7B shows the von Frey thresholds of 7-day
PIP rats before and 20 minutes after treatment with vehi-
le or 1, 3, and 10 mg/kg of SIN-1. Two-way ANOVA re-
ealed nonsignificant main effects of time (F1, 47 � 2.75, P �
.05) and dose (F3, 47 � 1.05, P � .05) as well as a nonsignif-
cant time � dose interaction (F3, 47 � 2.89, P � .05). There-
ore, SIN-1 is able to reduce mechanical allodynia at 2 days
ut not at 7 days after reperfusion in CPIP rats.

iscussion
A contribution of the sympathetic system to pain
echanisms has been hypothesized in a variety of animal
odels of nerve injury and inflammation. Clinically, it

as been suggested that it could be useful to consider
ubtypes of CRPS-I classified as SMP and sympathetically
ndependent pain (SIP).9,56 However, the effectiveness of
ympathectomy and sympathetic blockade as standard-
zed treatment for CRPS has been questioned.35,42 In
nimal models, sympathectomy has been shown to
artially reduce mechanical allodynia after chronic con-
triction injury, sciatic nerve ligation, and spinal nerve
igation.32,33,43,65 In CPIP rats, we found that sympathetic
lock with guanethidine partially reduced mechanical
llodynia for up to 14 days when administered on days 2
nd 3 after reperfusion; however, this effect was not
ignificant when guanethidine was administered on days
and 8 after reperfusion. This is consistent with the clin-

cal literature in which sympathetic blocks or sympathec-
omy may only be partially effective for the overall CRPS
opulation, but also that they are particularly more ef-
ective early in the disease.8,66

Systemic administration of the nonspecific �-adrener-
ic antagonist phentolamine also partially reduces me-
hanical allodynia in CPIP rats at 2 days after reperfusion
ut, again, not significantly at 7 days after reperfusion.
long with sympathetic blocks, the response to phentol-
mine has been used clinically to identify SMP.52 Our
esults also resemble those in studies using rat spinal
erve ligation, in which both sympathectomy and sys-
emic phentolamine reduce pain behaviors,33,79 but this
as not been consistently demonstrated.54,55 It has been
uggested that for CRPS patients, the response to phen-
olamine predicts response to sympathetic blocks76 and
egional guanethidine.3 CPIP rats are similar to CRPS pa-
ients because their allodynia is relieved both by phen-
olamine and guanethidine. Phenoxybenzamine, an-
ther nonselective �1-antagonist, is also effective in
RPS,48 although we did not study it here.
We found that the �1-adrenergic antagonist prazosin,
ut not the �2-antagonist yohimbine, effectively reduces
echanical allodynia, with almost a complete reversal

or the 5 mg/kg prazosin dose in 2-day CPIP rats. This
trongly suggests that the �1-receptor contributes to the
echanical allodynia in CPIP. Lee et al41 found that

1-adrenergic antagonists, but not �2-adrenergic antag-
nists, also reduce mechanical allodynia in rats with seg-

ental spinal injury. Phentolamine and �1- but not �2-
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drenergic antagonists also reduce cold allodynia in rats
ith S1/S2 spinal nerve ligation.34 Heat hyperalgesia in
CI rats is also reduced by �1-adrenergic antagonists.26

herefore, it appears that the CPIP model of CRPS-I dis-
lays similarities to animal models of CRPS-II, with each
howing characteristics of SMP, and a critical role for

1-receptors in SMP. As for the clinical use of these
gents in CRPS, there are no carefully controlled trials
ith selective �1- or �2-adrenergic antagonists.57

The finding that yohimbine did not produce antial-
odynia in our model and has even been found to ex-
cerbate cold allodynia in rats with spinal nerve liga-
ion34 suggests that antagonists of �2-adrenergic
eceptors may have detrimental effects rather than
eneficial ones in these models. Since many �2-adren-
rgic receptors are autoreceptors mediating negative
eedback on NE release from sympathetic postgangli-
nic neurons (SPGNs),28,60 �2-antagonists are known
o enhance SPGN NE release.39 The enhanced NE release
ould increase vasoconstriction, which we expect would
e detrimental in CPIP rats, which already have poor blood
ow.38 In a similar fashion, the action of phentolamine as
n �2-adrenergic antagonist may also be reducing its anti-
llodynic actions at the �1-adrenergic receptor, providing a
ossible explanation for why phentolamine is less effective
han prazosin in CPIP rats.
Like prazosin, systemic clonidine is particularly effec-

ive in CPIP rats at doses that do not produce defects on
he rotorod. Studies have shown that systemic clonidine
an produce analgesic effects in humans23 and topical
dministration relieves SMP in CRPS patients.15 Systemic
lonidine also partially relieves mechanical allodynia in
odents with CCI of the sciatic nerve,30 and topical appli-
ation has also been shown to be antinociceptive in ani-
al studies.19 It is tempting to speculate that the anal-

esic effects of clonidine in CPIP rats are based on its
nown negative feedback effects on NE release from
PGNs.28,60 The �2-agonist clonidine may also be partic-
larly effective due to a combination of spinal analgesic
nd local vasodilatory effects.20,25

We have previously shown that the I-R injury associ-
ted with CPIP produces persistent tissue ischemia, indi-
ated by reduced muscle perfusion,38 as well as vasocon-
trictor hyper-responsiveness, indicated by an enhanced
eduction in hind paw blood flow after close arterial
njection of NE.78 The results here are consistent with a
asoactive role for NE from sympathetic efferents, in

hich activity at �1-receptors is pronociceptive due to a

keletal muscle. Clin Orthop Relat Res 314:122-133, 1995

3
p
1

4
e
i
M
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asoconstriction in already ischemic tissue. Blocking the

1-receptor with prazosin, therefore, results in vasodila-
ation and pain relief.
In the CPIP rats, we hypothesize that the I-R injury results

n persistent tissue ischemia that contributes to the pain.
ome of the known changes of I-R injury include vascular
bnormalities such as persistent ischemia, dependent on
ither no-reflow due to capillary clogging,6 or arterial va-
ospasms due to sympathetic vasoconstrictor hyper-respon-
iveness and/or endothelial cell dysfunction. Indeed, after
-R injury there is both an upregulation and hyper-respon-
iveness of vascular adrenoceptors61 as well as a reduced
roduction and vasodilatory function of nitric oxide.31,58

If persistent tissue ischemia contributes to CPIP pain,38

hen CPIP pain should also be relieved by agents that
nhance vasodilatation. In this study, we found that al-
odynia in CPIP rats was dose-dependently reduced by
ystemic administration of the nitric oxide donor SIN-1.

e propose that by increasing the levels of nitric oxide,
IN-1 induces vasodilatation that relieves pain-produc-
ng vasospasms and ischemia in CPIP rats. Indeed, it has
een shown that blood flow can be improved in ischemic
issue with exogenous NO.46,73 Further, our results show
hat antiallodynic doses of SIN-1, as well as another
O donor (sodium nitroprusside), also attenuate
E-evoked pain in CPIP rats.78 Therefore, it seems likely

hat NO-mediated vasodilation can reduce persistent tis-
ue ischemia, and this may be a useful treatment for SMP.
In the CPIP rats, we find that antisympathetic and va-

odilatory drugs are more effective at 2 days after reper-
usion rather than 7 days after reperfusion. The temporal
eduction in effectiveness may depend partly on a shift in
he reliance of persistent ischemia on arterial vasospasms
o no-reflow, a phenomenon that develops quickly after
rolonged ischemia or repeated I-R injury.2,38,49 In CRPS-I
atients, a slower development of no-reflow may also
esult in chronic tissue ischemia and pain that is more
esistant to relief by sympathetic blockers.
In conclusion, CPIP rats show evidence of SMP (as
efined clinically), since their mechanical allodynia is
elieved by both sympathetic block and systemic phen-
olamine treatment. Furthermore, the responses to pra-
osin, clonidine, and the nitric oxide donor SIN-1 demon-
trates that pain relief in CPIP rats can be produced by
gents that decrease sympathetic vasoconstriction or en-
ance vasodilatation. We conclude that SMP mecha-
isms may involve exaggerated sympathetically medi-

ted vascular contractility and persistent tissue ischemia.
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