Prolonged Suppression of Postincisional Pain
by a Slow-release Formulation of Lidocaine
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ABSTRACT

Background: Postoperative pain can occur despite nerve
blocks during the surgical period. Here we tested Xybrex
(Orthocon, Inc., Irvington, NY), a slow-release formulation
of lidocaine that blocks rat sciatic nerve for 1-2 days, for its
ability to suppress postincisional pain.

Methods: A plantar paw incision was made in rats, either along
the midline (Brennan model) or at the lateral edge, 30 min after
different treatment groups received either lidocaine (0.2 ml,
2%) or Xybrex implant at the ipsilateral sciatic nerve or Xybrex
at the contralateral sciatic nerve. Behavioral testing by von Frey
filaments occurred at 2 and 6 h postoperatively and for the next
10 postoperative days. The fractional response (paw withdrawal
responses per 10 pokes) was scored at each time.

Results: Mechanosensitivity from the Brennan paw incision
was reduced throughout the postoperative period by ipsilat-
eral Xybrex, although lidocaine injection almost had no ef-
fect. Contralateral Xybrex had a weaker but still significant
antihyperalgesic effect, converging to that from ipsilateral
Xybrex at postoperative day 2. Xybrex at the nuchal midline
reduced allodynia for only postoperative days 1-3, whereas
hyperalgesia was reduced continuously after postoperative
day 2. Hyperalgesia from the lateral incision was also reduced
by ipsilateral Xybrex but not by contralateral Xybrex.
Conclusions: Implants of slow-release lidocaine formulations
are most effective against postincisional pain when placed at the
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What We Already Know about This Topic

¢ Nerve block with currently available local anesthetics usually
produces analgesia for 12-18 h

« Sustained release local anesthetics used for nerve block could
improve the duration of analgesia for postoperative patients

What This Article Tells Us That Is New

« Using animal models for postoperative pain, a sustained re-
lease lidocaine formulation, applied to nerves innervating in-
cised tissue, reduced hypersensitivity for 2-3 days; such a
formulation could be useful for nerve blockade in postopera-
tive patients

ipsilateral nerve innervating the area of incision. Contralateral
nerve implants are somewhat less effective, probably acting by
releasing lidocaine into the systemic circulation. There appears
to be a differential role of central sensitization between postin-
cisional allodynia and hyperalgesia.

ONG-TERM postoperative pain follows many com-
mon surgical procedures, including thoracotomies,
breast surgery, cholecystectomy, and herniorrhaphy.'™ It is
characterized by both resting and incident-related pain con-
tributing to morbidity and delaying or preventing a return to
a full and active life. The single factor that seems to be pre-
dictive of the duration and degree of prolonged (several
months) or long-term (more than 6 months) postoperative
pain is the intensity of the long-term postoperative pain.*
This long-term pain results from either the previous re-
sponses to a high degree of tissue/nerve injury or inflamma-
tion” or is an indication of the individual patient’s response
to an unexceptional surgical procedure. It is probable, there-
fore, that treatments that reduce long-term postoperative
pain also will reduce long-term pain in intensity or duration.
The object of this study was to investigate one such treat-
ment, prolonged blockade of the peripheral nerve innervat-
ing the surgical field, on long-term pain after paw incision.
Both the initial injury discharge in local nerves caused
directly by the incision®” and the later, delayed activation of
impulses from peripheral nerve that may be conducted by
injured or uninjured fibers®®? probably contribute to the
establishment of longer lasting hyperalgesia. In addition,
there is little doubt that changes in the central nervous sys-
tem, at least at the spinal cord (and probably also in the
brain), are essential for long-term pain management.'®'!
Although the results of many preemptive efforts to prevent or
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suppress clinical long-term postoperative pain have been

1,213 the strong success of this strategy using ani-
14,15

equivoca
mal models encourages a mechanistically designed ap-
proach to understanding the causes and developing effective
therapeutics for postoperative pain.

Incision of the plantar paw skin, sometimes with damage
of the underlying muscle,'®™!® and incision of the hairy skin
on the back'? both result in localized mechanical hypersen-
sitivity that lasts 3—5 days. Such hypersensitivity has been
separated into those pain responses to stimuli that are nor-
mally not noxious, or allodynia, and the heightened re-
sponses to noxious stimuli, or hyperalgesia. Punctate tactile
cutaneous stimulation reveals pain hypersensitivity at both
the primary (1°) area, very near the incision, and the second-
ary (2°) regions farther alw;1y.14‘16 Primary hyperesthesia in-
volves the release and actions of local factors at the incision
site’” 72 and the sensitization of nerves that innervate that
site,”" as well as changes in the spinal cord and brain, or
central sensitization, whereas secondary hyperesthesia ap-
pears to result from central sensitization alone.'®'"?** In
both cases, however, changes in the central nervous system
are driven by the intense, prolonged discharge from afferent
nerve fibers, either fibers directly injured by the incision or
uninjured fibers modified by chemicals (e.g., inflammatory
mediators) that are released around the injury site.?% In prin-
ciple, such peripheral nerve impulses can be prevented by
some form of local anesthesia.

Peripheral nerve blockade during surgery almost always is
accomplished with local anesthetics (LA). These drugs can be
used safely and effectively to abolish sensation, producing a
somewhat selective block of small myelinated (e.g., A-6) fi-
bers with a significantly less potent block of C-fibers.*? 24
2527 or of the

wound after an incision®®** both can effectively suppress

Infiltration of a surgical area before an incision

long-term clinical postoperative pain. Evidence from other
studies indicates that afferent discharge is critical for estab-
lishing neuropathic pain after nerve injury,3 9 and on the basis
of clinical data, it has been hypothesized that it is also critical
for postoperative pain.'* But what is the critical postopera-
tive period for pain sensitization from afferent discharge,
during which impulse blockade is an effective treatment?
Here, we examine this question with nerve blocks of typically
short (less than 2 h) and unusually long (more than 12 h)
duration, the latter using a new, slow-release formulation of
lidocaine.?!

Materials and Methods
Drugs

Xybrex anesthetic matrix, a suspension of a water-insoluble
particulate and a hydrophobic carrier containing 16% lido-
caine (w/w),”" was obtained from Orthocon, Inc., (Irving-
ton, NY). Lidocaine HCl was purchased from Sigma Chem-
ical Co., St. Louis, MO, and freshly prepared at a
concentration of 1% or 2% (w/v) by dissolving it in 0.9%

unbuffered NaCl (pH of the final solution was 6.6—6.7).
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Xybrex Reduction of Postincisional Pain

Sciatic Nerve Implantations/Injections

The procedures in this study were approved by the Harvard
Medical Area Standing Committee on Animals (Boston,
MA) and are consistent with the published guidelines for the
humane use of laboratory animals. Male Sprague—Dawley
rats were purchased from Charles River Laboratory (Wil-
mington, MA) and kept in the animal housing facilities at
Brigham and Women’s Hospital, with controlled humidity
(20-30% relative humidity), room temperature (24°C), and
a 12-h (6:00 aM to 6:00 pMm) light—dark cycle. For 5-7 days
before the experiments, the animals were handled to famil-
iarize them with the behavioral investigator, experimental
environment, and specific experimental procedures.3 2 At the
time of implantation or injection, the rats weighed approxi-
mately 300 g. For all surgical procedures and implants or
injections, the rats were anesthetized by sevoflurane (Ultane;
Abbott Laboratories, Abbott Park, IL) through uncontrolled
inhalation (preliminary assays of the mixed inspired/expired
vapors during this brief anesthetizing period showed a range
of 2—6% sevoflurane).

Each experimental group contained six rats. For subfascial
nerve implantation of Xybrex, rats were anesthetized with
sevoflurane, and the sciatic nerve was exposed by lateral in-
cision of the thigh and blunt division of the superficial fascia
and muscle; the saphenous nerve was similarly exposed by
lateral incision next to the vessel-nerve protrusion more than
the medial side of the thigh. Xybrex, which was hand-molded
into a cylindrical shape measuring approximately 1-1.5 X
0.125-0.25 cm, was placed next to the sciatic or saphenous
nerve after dissecting the epineurial fascia at 200 mg total
mass (corresponding to 32 mg lidocaine) per rat. An inactive
control group (matrix only) received lidocaine-free matrix at
200 mg per rat. For dual subfascial implantation/injection at
sciatic and saphenous nerves, half the dose of the above im-
plant (e.g., 100 mg Xybrex) was applied to each nerve.

After implantation of the Xybrex or matrix or injection of
a lidocaine solution, the superficial muscle layer was closed
with 4-0 Vicryl sutures, placed approximately 3 mm apart to
minimize displacement of Xybrex, and the skin incision was
closed with 4-0 Prolene sutures.

Lidocaine is released from Xybrex in vitro with a half-time
of approximately 6-8 h and provides complete functional
motor block of the rat sciatic nerve 77 vivo for 18 h and
complete nociceptive block for approximately 7 h.>' The
sciatic block by either lidocaine or Xybrex did not affect the
rat’s ability to execute a nocifensive withdrawal from a paw
prick or a toe pinch.

In experimental contralateral groups, 200 mg Xybrex was
implanted at the contralateral sciatic or the sciatic and saphe-
nous nerve (100 mg at each) 30 min before incision of the
paw. In another subcutaneous group used to determine the
effects of systemically accumulated lidocaine, 200 mg Xybrex
was implanted under the skin at the nuchal midline at a
distance of 7—8 or 11-12 cm, respectively, from the site for
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injection/implantation on the leg or the plantar hind paw
incision site.

For rats injected with 2% lidocaine solution (containing 4
mg drug), the same general anesthesia was performed, and a
0.2-ml volume was injected with a 30-gauge needle attached
to a tuberculin syringe directly beneath the clear epineurial
fascia that surrounds the nerve but outside the perineurium
at the same site used for Xybrex implants in other animals.

For some rats, the cutaneous distribution of functional anal-
gesiawas determined by injection of 0.2 ml lidocaine 2% next to
the saphenous nerve. To test these animals™ responses to the
stimulation (pin prick or skin pinch) of the dorsum, it was
necessary to use a light general anesthetic, with 0.3% halothane
(measured as the inspired gas). Under this halothane concentra-
tion, rats that received no LA still were able to maintain an
upright position and to respond to a pinch of their plantar hind
paw with that paw’s withdrawal and arching of the spine, show-
ing that nocifensive reflexes still were present.

Surgery: Brennan and Lateral Paw Incision

Two locations for incision on the plantar paw were used, one
at the midline of the heel, the classic Brennan paw incision
(BPI) model,'® and one that we initiated for these experi-
ments, with an incision of the same length but located at the
most lateral plantar aspect, the lateral paw incision (LPI).
This second location was chosen because this area of the paw
is completely insensate by lidocaine blockade of the sciatic
nerve, whereas the midline area of the BPI is sometimes not
insensate by this procedure (see Results below).

Rats were anesthetized with nose-inhaled sevoflurane: a
1-cm longitudinal incision was made with a No. 11 blade
through the skin and fascia of the median (BPI) plantar sur-
face of the hind paw beginning 0.5 cm distal from the end of
the heel (fig. 1). The underlying flexor muscle was increased,
and a longitudinal incision to both ends was made. The skin
was closed with 5-0 nylon sutures, and topical antibiotics
were administered. For the LPI model, a 1-cm longitudinal
incision was made along the hairs bordering the lateral plan-
tar surface of the hind paw beginning 0.5 cm distal from the
end of the heel (fig. 1). The underlying flexor muscle was
longitudinally sectioned, as far along its length as possible.
Animals were allowed to recover in their cages, and sutures
were removed on the third postoperative day (POD).

Neurobehavioral Examination

Individual rats were placed on an increased wire mesh
floor and confined underneath individual overturned
plastic boxes. Mechanical allodynia and hyperalgesia were
assessed using von Frey filaments with bending forces of 4
or 15 g (Touch-Test Sensory Evaluators; Stoelting Co.,
Wood Dale, IL), respectively. In the initial tests, both
forces were applied, but in later experiments, only re-
sponses to the 15 g force are reported because these dem-
onstrated the general effectiveness of nerve block on
postincisional pain hypersensitivity.
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Each filament was applied 10 times to highly localized
medial, lateral, and central test areas of the plantar surface of
the incised (left) hind paw (fig. 1 inset).>® Care was taken to
avoid stimulating the same exact spot repeatedly within these
regions or the tori/footpads themselves to minimize sensiti-
zation from the test per se. Nocifensive withdrawal responses
to each of the von Frey filaments were counted and recorded
as a fraction per 10 stimuli. Before the incision, two baseline
measurements of mechanical sensitivity were taken for each
test area on separate days and then averaged to provide the
presurgery baseline response, graphically denoted as the re-
sponse on day 0. Neurobehavioral responses were evaluated
at 2 and 6 h postsurgery and then daily until POD 10.

Data Treatment and Statistical Analysis

The primary results are expressed as the normalized response
(number of responses per 10 stimuli) to punctate stimula-
tion, and these are graphed in the figures and collected as
mean = SD for the same PODs among the treatment
groups. Comparisons were made using multigroup, two-way
ANOVA 1o test for the significance of changes in time and
among the different treatment groups, followed by the
Tukey post hoc test to compare the differences among pairs of
treatments (tables 1-3). In addition, the integrated hyper-
sensitivity was calculated as the area-under-curve (AUC) for
the normalized response minus the baseline normalized re-
sponse subtracted at each POD time point. These AUCs
(which have units of days) were collected and compared
among treatments and the incisional controls (tables 4—6).
Results in these tables, presented as mean * SD, were com-
pared by one-way, repeated measures, ANOVA followed by
Tukey post hoc pair-wise test. Statistical analyses were con-
ducted using SAS software (Cary, NC). A Pvalue of less than
0.05 was considered statistically significant.

Results

Anatomy of Hind Paw Innervation

The objective of this study was to determine whether a pro-
longed block of the nerves innervating the skin at an incision
could prevent postincisional pain. Initially, the rat hind paw
plantar incision model of Brennan was adopted because the
course of pain after that procedure is well replicated and the
LA block of the rat sciatic nerve equally well characterized.
One early concern, however, questioned the plantar area that
was effectively anesthetized from a sciatic nerve block be-
cause previous studies demonstrated that the lateral (fourth
and fifth) digits of the hind paw were insensate during sciatic
nerve block, whereas the medial-most (first) toe remained
unanesthetized. Because the BPI model requires an incision
at the midline of the distal paw (fig. 1), it is important to
know whether this area is fully anesthetized during sciatic
block. The shaded areas of the plantar surface in figure 1
show those places on the feet of six rats, tested at 10 min after
injection of 0.2 ml lidocaine 2% (4 mg), that were unrespon-

Wang et al.

20z Idy 60 uo 3senb Aq jpd z€000-000101 1 0Z-2¥S0000/829252/SE /LI L L/ypd-8jonie/ABojoisayisaue/Woo JIeyoIan|is zese//:dpy woy papeojumoq



Xybrex Reduction of Postincisional Pain

Analgesia to pinprick by perisciatic injection of 2% Lidocaine (0.2ml) -

Medial Lateral
Central testing area
1.2cm
Lateral incision
Medial testing area 1em
Lateral testing area
"IO.Scm

Brennan model incision

Fig. 1. Areas of anesthesia to pin prick on the plantar surface of six rats injected with 2% lidocaine (0.2 ml) at the ipsilateral
sciatic nerve. Rats were placed on a wire grid and the skin of the paw probed with a sharp but nonpenetrating pin throughout
the entire plantar surface. Probed areas that induced a brisk withdrawal of the leg are shown in white, and those for which no
withdrawal occurred are shaded. The webs of skin between the toes were not probed. In five of six rats, the plantar region where
the skin incision was made in the Brennan paw incision model was not anesthetized (see lower right paw diagram). (Inset) The
locations of the test areas (medial, lateral, and central) and that of the incision in the lateral paw incision model are shown on

this diagram of the plantar paw surface.

sive to punctate stimulation with a stiff pin prick, a stimulus
that always results in paw withdrawal in unanesthetized an-
imals. The incision locus for the BPI model is excluded from
this zone of anesthesia in five of six rats, all of which were
unresponsive at this time to a deep pinch to the bone of the
fifth toe.

Injection of the same LA dose, 0.2 ml lidocaine 2%, at
the saphenous nerve did not change the response to pin
prick throughout the entire central and lateral plantar
surface, except for the most medial edge. For comparison,
0.1 ml lidocaine 1% (1 mg) (0.25 of the previous dose) at
the saphenous nerve completely anesthetized the dorsum
of the hind paw to pin prick, revealing the efficacy of the
block and the apparently sharp anatomic distribution of
the saphenous innervation.”

However, when both sciatic and saphenous nerves were
blocked by lidocaine (0.1 ml lidocaine 1% at each nerve),

Anesthesiology 2011; 114:135-49

the entire plantar surface of the paw was unresponsive to
pin prick or pinch stimulation (a similar effect was ob-
served on the medial-dorsal surface, where saphenous in-
jection of lidocaine could prevent nocifensive withdrawal
responses to pin prick but not to pinch, but where coin-
jection of lidocaine at saphenous and sciatic nerves pro-
duced complete anesthesia). In response to the possibility
of inadequate local anesthesia of the BPI site during sciatic
nerve block, we made two experimental adjustments.
First, we blocked both sciatic and saphenous nerves,
maintaining the original BPI location. Second, in differ-
ent experiments, we shifted the location for incision to the
most lateral glabrous skin, adjacent to the hairy skin at the
edge of the foot (fig. 1 inset). The region of this LPI was
always completely within the area insensate by sciatic
nerve block. Furthermore, to define better the primary
hypersensitivity from the incision from any secondary
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Table 1. Sciatic Nerve Xybrex/Lidocaine on Hyperalgesia from Brennan Paw Incision

0 2h 6 h 1d 2d 3d 4d 5d 6d 7d 8d 9d 10d
Medial area
IX vs. BPI — Fokk i *kk Hx *xKk *kk *x % Hokk _ _ .
CX VS. BPl — * * * *k *k *k *k *k Kk . . _
IL vs. BPI —_ - — — — _ _ _ * sk _ _ .
IX vs. CX — ### # — — — — — — — — _ —
IXvs. IL — +++ +++ +++ ++ ++ +++ — — —_ — — —
Lateral area
IX vs. BPI —_ Fokk Hkk whk *kk *kk ek dekeke * _ _ — J—
CX VS, BPl —_ *kk *kk *kk *kk *kk *kk *%k * —_ — — J—
IL vs. BPI —_ — — — — — — — — — — — —
IX vs. CX —  Hi## H### #it# — — — — — — _ _ _
IXvs. IL — +++ +++ +++ +++ +++ +++ +++ — —_ — — —
Central area
IX vs. BPI —_ ook o ok ok p— — - ok _ * _
CX VS. BPl —_ *kk *kk *kk *kk *kk *kk *k *kk *kk J— * J—
IL vs. BPI —_ —_ —_ — J— J— — . *okk Hokeke . _ _
IX vs. CX — ## ## ##t# — — — — — — _ _ _
IXvs. IL — +++ +++ +++ +++ +++ +++ ++ — —_ — — —

Statistical significance: Two-way ANOVA plus post hoc Tukey pai
0.0001 for time, group, and time X group comparisons.

r-wise tests. For all three test areas, this analysis resulted in P <

From the post hoc analysis, the statistical values shown in the table correspond to the following values: *#+ P < 0.05; “*##++ P < 0.01;

###+++ P < 0.001. — identifies values of P > 0.05.
BPI = Brennan paw incision; CX = contralateral Xybrex; IL = ipsil

changes that might affect the ipsilateral paw, we tested the
plantar surface of the hind paw at three locations: a lateral
site, directly adjacent to the LPI; a medial site, innervated
exclusively by the saphenous nerve, at the other edge of
the heel; and a central site (fig. 1 inset).”” All three test
locations were routinely tested after a BPI or a LPI.

ateral lidocaine; IX = ipsilateral Xybrex.

Characteristics of Hypersensitivity after BPI

Mechanical stimulation of the plantar region confirmed that
BPT causes both tactile allodynia (fig. 2A) and hyperalgesia (fig.
2B). Allodynia, tested by a 4-g von Frey hair, was maximal
(approximately 9 responses per 10 stimuli) at 2 and 6 h after
incision, changed little through POD 2, and declined progres-

Table 2. Both Sciatic and Saphenous Xybrex/Lidocaine on Hyperalgesia from Brennan Paw Incision

0 2h 6 h 1d 2d 3d 4d 5d 6d 7d 8d 9d 10d
Medial area
IX vs. BPI — o — — * * — — — — — — —
CX Vs. BPl - Kkk Kkk Kkk *kk *kk *kk *kk *% Kkk —_ —_— -
IL vs. BPI —_ - — — — — * * e — — —
IX vs. CX —_ - #it# #it# — # #i# #it# # ## — — —
IXvs. IL + +++  — — + — — — + — — _
Lateral area
IX VS, BPl J— *kk *kk —_ *kk Kkk Fkk J— J— —_ —_ * —_
CX VS. BPl — Kkk Kkk Kkk *kk *kk *kk *kk — —_— —_ — -
IL vs. BPI —_ - — — — — — — — — — — —
IX vs. CX — #it# #it# — # — — — — — — — —
IXvs. IL — +++ +++ — +++ + + — — — — — _
Central area
|X VS, BPl J— *kk kK * —_ —_ Kkk * Fokk *kk —_ *k Kkk
CX VS. BPl — Kkk Kkk Kkk *kk Kkk *kk *k *kk Kkk * *k *k
IL vs. BPI —_ - — — * — — — e e — — —
IX vs. CX —_ - # #it# ## #it# #i# — — # — — —
IX vs. IL — +++ ++ — — — +++ — — — — — o+

Statistical significance: Two-way ANOVA plus post hoc Tukey pai
0.0001 for time, group, and time X group comparisons.

r-wise tests. For all three test areas, this analysis resulted in P <

From the post hoc analysis, the statistical values shown in the table correspond to the following values: “#+ P < 0.05; *##++ P < 0.01;

r###+ 4+ P < 0.001. — identifies values of P > 0.05.

BPI = Brennan paw incision; CX = contralateral Xybrex; IL = ipsilateral lidocaine; IX = ipsilateral Xybrex.
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Table 3. Sciatic Nerve Xybrex/Lidocaine on Hyperalgesia from Lateral Paw Incision

0 2h 6 h 1d 2d 3d 4d 5d 6d 7d 8d 9d 10d
Medial area
IX vs. LPI — — — — — — — > — — — — —
CX vs. LPI — — — — — — — — — — — — —
IL vs. LPI — — * — — * > — — —
IX vs. CX — — #it # — # # #i# # — — # —
IX vs. IL - - +++ +++ — - — — — —
Lateral area
IX VS. LPI - *kk Kkk *kk *kk * - - - — - - -
CX vs. LPI — — — — — — — — e — — — —
IL vs. LPI — — — — — — * * — — — —
IX vs. CX — H#i## H#itH# H##H# ## ## # — #it# # — — —
IX vs. IL — +++ +++ ++ ++ + — — - — — —
Central area
IX VS. LPI - *kk Kkk *kk * - - - - - - - -
CX vs. LPI — — — — — — — — — — — — —
IL vs. LPI — * — — * — — — — — — — —
IX vs. CX — H#i## H##tH# H#it# — — — — — — — — —
IXvs. IL — +++ +++ +++ —_ — — - — — — — —

Statistical significance: Two-way ANOVA plus post hoc Tukey pair-wise tests. For all three test areas, this analysis resulted in P <

0.0001 for time, group, and time X group comparisons.

From the post hoc analysis, the statistical values shown in the table correspond to the following values: *#+ P < 0.05; “*##++ P < 0.01;

###+++ P < 0.001. — identifies values of P > 0.05.

CX = contralateral Xybrex; IL = ipsilateral lidocaine; IX = ipsilateral Xybrex; LP| = lateral paw incision.

sively during the next several days, with the response returning
at PODs 4 and 5 to the preoperatively determined baseline
concentrations (fig. 2A). Hyperalgesia, tested by the more force-
ful 15-g von Frey hair, was longer lasting, maintaining a maxi-
mal value (10 responses per 10 stimuli) for 3—4 PODs and then
slowly declining, with a return to baseline at 8—9 days (fig. 2B).
This general pattern occurred in all three test areas after BPI,
although when hyperalgesia was examined over time, its dura-
tion appeared to be longer for the medial and the central test
areas than for the lateral test area (compare POD 7 responses in

fig. 2B). Correspondingly, the values for AUC of responses
more than baseline in the lateral test area (49 days) were approx-
imately 20% smaller than those in the medial (59 days) or the
central test areas (63 days) (table 4).

Xybrex Implant at the Sciatic Nerve Reduces
Hypersensitivity from BPI

When Xybrex slow-release material (200 mg containing 32
mg lidocaine) was implanted at the ipsilateral sciatic nerve 30
min before the incision, postoperative hypersensitivity was

Table 4. Quantitated Postincisional Hyperalgesia: Sciatic Nerve Xybrex or Lidocaine on Brennan Paw Incision

AUC (Mean = SD)/% Reduction of AUC from Control (BPI)

Control (Paw

Ipsilateral Xybrex

Contralateral Xybrex Ipsilateral

15 g VFH Incision) (BPI) 200 mg (IX) 200 mg (CX) Lidocaine 4 mg (IL)
Medial area 59.2 =+ 84 34.5 = 8.7/41.7 37.2 = 10.4/37.2 57.6 = 6.4/2.7
Lateral area 494 + 6.8 13.9 = 9.7/71.9 22.4 +£10.7/54.7 51.5 +10.5/-4.3
Central area 632 +7.5 15.7 £ 6.2/75.2 22.1 = 8.1/65.0 54.4 + 16.6/13.9

P Value of ANOVA post hoc Tukey Pair-wise Tests

P Value of Pair-wise Test

ANOVA F; 5

15 g VFH P Value IX vs. BPI CX vs. BPI IL vs. BPI IX vs. CX IXvs. IL

Medial area 13.969 <0.001 0.001 0.987 0.951 0.001
<0.001

Lateral area 23.605 <0.001 <0.001 0.979 0.430 <0.001
<0.001

Central area 30.271 <0.001 <0.001 0.482 0.710 <0.001
<0.001

AUC = area under the curve; BPI = Brenner paw incision; CX = contralateral Xybrex; IL = ipsilateral lidocaine; IX = ipsilateral Xybrex;

VFH = von Frey hair.
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PAIN MEDICINE

Table 5. Quantitated Postincisional Hyperalgesia: Both Sciatic and Saphenous Xybrex or Lidocaine on Brennan Paw
Incision

AUC (Mean = SD)/% Reduction of AUC from Control (BPI)

Control (Paw Ipsilateral Xybrex Contralateral Xybrex Ipsilateral
15 g VFH Incision) (BPI) 200 mg (IX) 200 mg (CX) Lidocaine 4 mg (IL)
Medial area 59.2 + 84 45.4 = 138.0/23.3 28.9 = 4.0/51.2 51.6 = 9.6/12.8
Lateral area 49.4 = 6.8 28.7 =9.0/41.9 24.6 = 6.8/50.2 48.5 = 12.2/2.0
Central area 63.2 7.5 33.3 = 7.1/47.4 17.2 = 4.1/72.8 49.6 = 16.9/21.5

P Value of ANOVA post hoc Tukey Pair-wise Tests

P Value of Pair-wise Test

ANOVA F; 5
15 g VFH P Value IX vs. BPI CX vs. BPI IL vs. BPI IX vs. CX IXvs. IL

Medial area 11.488 0.080 <0.001 0.504 0.028 0.666
<0.001

Lateral area 12.538 0.004 0.001 0.999 0.860 0.005
<0.001

Central area 23.271 <0.001 <0.001 0.125 0.054 0.051
<0.001

AUC = area under the curve; BPI = Brenner paw incision; CX = contralateral Xybrex; IL = ipsilateral lidocaine; IX = ipsilateral Xybrex;
VFH = von Frey hair.

reduced. Hypersensitivity reached decreased peak values and Most of the remaining tests in this report used 15-g von Frey
was slower to develop (figs. 2A and B) partly because the  hair and thus only assessed hyperalgesia after incisions. Xybrex,
nerve was completely or partially blocked for much of the  implanted at the ipsilateral sciatic nerve, resulted in nearly zero
first POD (see profile in Medial test panel of fig. 2A).”" response in the lateral and the central test areas up to POD 1 and

Allodynia was generally reduced more than hyperalgesia ~ then led to responses lower than the BPI controls up to POD
(compare AUC between figs. 2A and B). Injections of 4 mg 6-7 (fig. 2B, table 1). Tests in the medial area showed rises in
lidocaine in solution, which produce functional analgesia of ~ response within 6 h after surgery, albeit lower than the controls

the more lateral aspects of the plantar paw surface (compare  (fig. 2B) and responses reduced in comparison with BPI control
responses in fig. 1) for approximately 2 h, had no effect on  for the first 7 PODs (table 1). This smaller antihyperalgesic
allodynia after BPI (fig. 2A). effect is apparent in the comparative AUCs, where ipsilateral

Table 6. Quantitated Postincisional Hyperalgesia: Sciatic Nerve Xybrex or Lidocaine on Lateral Paw Incision

Area Under the Curve (Mean * SD)/% Reduction of AUC from Control (LPI)

Control (Paw Ipsilateral Xybrex  Contralateral Xybrex Ipsilateral Ipsilateral Matrix
15 g VFH Incision) (LPI) 200 mg (IX) 200 mg (CX) Lidocaine 4 mg (IL) 200 mg
Medial area 6.1 23 3.0+238 8.7x55 39*+12 41 +33
Lateral area 23.9 = 9.7 6.5 +25/72.8 249 +2.9/-4.2 19.3 £7.2/19.2 22.6 +9.3/5.4
Central area 171 £ 4.0 7.5 + 3.1/56.1 9.4 = 3.0/45.0 15.2 + 6.0/11.1 12.5 + 6.6/26.9

P Value of ANOVA post Hoc Tukey Pair-wise Tests

P Value of Pair-wise Test

ANOVA F; 5
15 g VFH P Value IX vs. LPI CX vs. LPI IL vs. LPI IX vs. CX IXvs. IL

Medial area 3.441 0.397 0.562 0.652 0.038 0.971
0.036

Lateral area 10.675 0.001 0.993 0.594 <0.001 0.011
<0.001

Central area 7.106 0.004 0.023 0.857 0.855 0.023
0.002

AUC = area under the curve; CX = contralateral Xybrex; IL = ipsilateral lidocaine; IX = ipsilateral Xybrex; LPI, lateral paw incision;
VFH = von Frey hair.
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Fig. 2. (A) Allodynia after Brennan paw incision (BPI) is indicated by responses to plantar probing with a 4-g von Frey
filament. Responses to probing in the medial, lateral, and central test areas (see fig. 1 inset) are shown top to bottom.
Baseline responses, tested during three preoperative days, are averaged, and this value, always approximately 0, is
graphed on day 0. Responses (mean * SE) are measured at 2 and 6 h after the incision (shown in an expanded time scale)
and then daily for 10 days (see Methods for test details). The broken line shows the time course of the nocifensive
withdrawal response to a pinch of the lateral-most toe after implanting 200 mg Xybrex at the sciatic nerve in an intact rat.*’
(B) Hyperalgesia after BPI is indicated by the increased response to probing with a 15-g von Frey filament (details as in
A). Responses briefly decreased less than baseline in the lateral and the central test areas as a result of sciatic nerve block
by Xybrex (see tables 1 and 4 for significance data). VFH = von Frey hair.
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PAIN MEDICINE

Xybrex causes 70—-75% reductions in increased responses in
central and lateral test areas but only a 40% reduction in the
medial test area, all significant reductions (table 2).

Implanting the matrix for Xybrex, free of any lidocaine, at
the ipsilateral sciatic nerve before the incision had no effect
on hyperalgesia in the medial or the lateral test areas, but it
did reduce the increased response by a small (20%), yet sig-
nificant, amount in the central area.

Lidocaine solution injected preoperatively at the ipsilat-
eral sciatic nerve has no effect on hyperalgesia at the medial
and the central test areas for the first 5 PODs, but reduces the
responses at PODs 6 and 7 (fig. 2B, table 1). In the lateral test
area, where hyperalgesia is briefest (table 4), there is no effect
at any of the measured postoperative times of the preopera-
tive ipsilateral lidocaine block (fig. 2B, table 1).

Contralateral Nerve Xybrex Implants Reduce
BPI-induced Hyperalgesia
Because BPI-induced hyperalgesia and allodynia in the me-
dial test area were affected by an ipsilateral sciatic implant of
Xybrex, although this medial test area was not anesthetized
by such Xybrex (nor by lidocaine block of the sciatic nerve),
we wondered whether the effect resulted from systemically
distributed lidocaine, which might be taken up from Xybrex
by the local vasculature. This question was addressed by an-
alyzing hyperalgesia from a contralateral sciatic implant of
Xybrex, with identical surrounding anatomical structures, or
from a subcutaneous implant at the nuchal midline, far re-
moved from the surgical site or the sciatic block locations.
Contralateral Xybrex implants slowed the appearance and
reduced the maximum hyperalgesia after BPI (fig. 2B), al-
though no block of contralateral paw functions occurs after
Xybrex implant. The duration of antihyperalgesia from con-
tralateral Xybrex was the same as from the ipsilateral implant,
with effects that converged after POD 1 (table 1). The effec-
tiveness in reducing the AUC also was the same for these two
implant locations, with a likewise smaller reduction at the
medial test area (37 and 41%, respectively, for contralateral
and ipsilateral implants) than at the lateral (55 and 729%,
respectively) and the central (65 and 75%, respectively) test
areas (table 4).

Systemic Lidocaine Released by Distant Xybrex Also Is
Antihyperalgesic

Xybrex was implanted subcutaneously at the nuchal midline
to effect a systemic concentration similar to that resulting
from nerve implants. Here, it reduced allodynia, but only for
the first 2-3 PODs (fig. 2A). In an almost mirror image
effect, no reduction in hyperalgesia from systemic lidocaine
from this Xybrex implant occurred until POD 2 and later
(fig. 2B). By PODs 4 and 5, these implants had reduced
responsiveness to the concentrations caused by the con-
tralateral implant. Calculated AUCs for hyperalgesia were
reduced from the BPI control concentrations by subcuta-
neous Xybrex by 24 & 2.4%, 38 + 5.1%, and 46 * 5.1%,
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compared with BPI, in the medial, the lateral, and the
central test areas, respectively. Because these results from
systemic lidocaine show the same anatomically selective
effect as the ipsilateral and the contralateral implants, they
therefore cannot be a result of a differential distribution of
LA within the sciatic nerve.

Dual Block of Sciatic and Saphenous Nerves on
Hyperalgesia from BPI

In an attempt to provide a more uniform block of the entire
plantar paw, and thus more effectively reduce postincisional
pain, we blocked both sciatic and saphenous nerves. To have
approximately the same systemic lidocaine concentrations
that occurred with a single nerve implant or injection (see
above Results [e.g., Xybrex Implant at the Sciatic Nerve Re-
duces Hypersensitivity from BPI]), we used the same total
dose, placing half at each nerve (i.c., 100 mg Xybrex at both
sciatic and saphenous nerves or 2 mg [0.1 ml lidocaine 2%]
lidocaine at each nerve).

This dual nerve ipsilateral implant also slowed the rise of
hyperalgesia, but not as much as the single implant at the
higher dose (fig. 3; compare with fig. 2B). Peak hyperalgesia
was reduced less by the dual ipsilateral than the single im-
plant (fig. 3), and the AUC was reduced only by approxi-
mately half as much: 23% versus 41%, 42% versus 72%, and
47% versus 75% for dual versus single nerve implants tested at
medial, lateral, and central test areas, respectively (compare
tables 4 and 5). Durations of the antihyperalgesic effect were
slightly shorter than those from the single ipsilateral implant
for the lateral test area (4 days vs. 6 days), slightly longer in
the central test area (10 days vs. 89 days), and much shorter
in the medial test area (3 days vs. 7 days) (for all comparisons
see tables 1 and 2).

In contrast, dual Xybrex implants at the contralateral
nerves were about as effective as the single contralateral im-
plants. Although contralateral implants did not numb the
incised paw, the initial rise in hyperalgesia still was somewhat
reduced and the peak hyperalgesia markedly lower than the
BPI control (fig. 3). Duration of antihyperalgesic effect was
as long for contralateral as ipsilateral dual implants in the
lateral and the central test areas and far longer (7 days vs. 2-3
days) in the medial test area (table 2). In a comparison be-
tween single and dual implants on the contralateral nerves,
antihyperalgesia lasted approximately as long in all of the test
areas for both contralateral treatments (tables 1 and 2). With
regard to the integrated actions, the AUC from the dual
contralateral implants was reduced equally to the single con-
tralateral implant at the central test area (72% vs. 65%) and
the lateral test area (50% vs. 55%), but was reduced more at
the medial test area (51% wvs. 37%) (see tables 4 and 5 for
comparisons).

The dual injection of lidocaine at the ipsilateral sciatic and
saphenous nerves (2 mg at each) suppressed hyperalgesia at
later times (PODs 5-7) in the medial and the central test
areas (table 2), but was ineffective in the lateral test area, the
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Fig. 3. Hyperalgesia after Brennan paw incision (BPI) is sup-
pressed by Xybrex divided evenly between the sciatic and
the saphenous nerves (details as in fig. 2 legend). Compare
these results with those in figure 2B, when the same total
dose is implanted only at the sciatic nerve (see tables 2 and
5 for significance data). VFH = von Frey hair.

same pattern as for the single injection (4 mg) (table 1). In
none of these three test areas was the AUC significantly re-
duced by dual nerve injections of lidocaine (table 5).

Characteristics of Hyperalgesia from LPI
Incision at the lateral edge of the paw produced a pro-
nounced hyperalgesia in that location (lateral test area), a
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Fig. 4. Hyperalgesia after lateral paw incision (LPI) is greater
at the lateral and the central test areas than at the medial test
area (see fig. 1 inset for test locations). Loss of response
during the first 6 h postincision is because of Xybrex block-
ade of the ipsilateral sciatic nerve (see tables 3 and 6 for
significance data). VFH = von Frey hair.

smaller response in the central test area, and very little
change in the medial test area (fig. 4). Comparison of
AUC:s in these three areas between the BPI and the LPI
shows the latter with 50% of the former’s response in the
lateral test area, 27% in the central test area, and only 10%
in the medial test area (tables 4 and 6). The durations of
hyperalgesia also were shorter for the LPI; half of the
maximum response is reached at PODs 4 and 5 in the
lateral test area after LPI compared with POD 7 for BPI.

Wang et al.

20z Idy 60 uo 3senb Aq jpd z€000-000101 1 0Z-2¥S0000/829252/SE /LI L L/ypd-8jonie/ABojoisayisaue/Woo JIeyoIan|is zese//:dpy woy papeojumoq



PAIN MEDICINE

In the central test area, these conditions were reached at
PODs 4 and 5 for LPI and POD 8 for BPI (figs. 2B and 4).
Despite having the same length and depth, the incision at
the lateral paw edge caused a weaker and briefer hyperal-
gesia than that in the center of the paw. Its selective ex-
pression in the lateral and the central test area aspects of
the paw fulfills the intent to have a wound at a site inner-
vated by one nerve, the sciatic.

Xybrex Effects on Pain from LPI

An implant of Xybrex (200 mg) at the ipsilateral sciatic
nerve suppressed hyperalgesia from LPI. The lateral test
area was anesthetized for the first 6 h after the implant,
most probably as a result of nerve block,”" and then
showed a slow rise in response to control LPI concentra-
tions by POD 4. The central test area was similarly anes-
thetized and remained less responsive than the LPI control
through POD 2 (fig. 4, table 3). The response in the
medial test area was so small that treatment effects could
not be analyzed statistically (although the modest AUC
was halved); there was a significant reduction of response
after LPT at POD 5 (table 3).

An implant of Xybrex at the contralateral sciatic nerve had
no effect on the AUC of hyperalgesia in the lateral test area
but did reduce it by approximately 45% in the central test
area (table 6), an effect that still was less than the 65% reduc-
tion from contralateral Xybrex in the BPI model (table 4).
When investigated at each individual test time, contralateral
Xybrex caused no reduction in LPI-induced hyperalgesia,
except for POD 6 in the lateral test area (table 3).

Sciatic nerve block by injected lidocaine (0.2 ml, 2%)
reduced the responses at the lateral and the medial test areas
at PODs 4 and 5 and in the central test area at POD 2 (table
3). These effects of 1-2 day duration did not amount to any
significant reduction in the AUCs for any of the test areas
(table 6).

Finally, implanting the lidocaine-free matrix at the ipsi-
lateral sciatic nerve had no effect on hyperalgesia in the lateral
test area, although it did reduce it in the central test area by
approximately 25% (P < 0.01, by paired # zest).

Discussion

By using slowly delivered lidocaine (viz Xybrex) from sources
implanted at different locations, we have been able to iden-
tify the different effects of nerve block versus systemic actions
in the preventive analgesia from perioperative lidocaine. In
addition, by testing mechanosensitivity in different areas af-
ter incision of the plantar paw, either along the midline or at
the lateral edge, we have been able to examine the effects of
these anesthetic treatments on primary versus secondary re-
sponses to surgery.

In this discussion, we will consider the characteristics of
the postincisional pain models used here in light of the
known peripheral and central mechanisms for increased
pain, analyze the effects of the Xybrex treatment to under-
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stand its mode and locus of action, and compare the antihy-
peralgesic actions for Xybrex reported here with the literature
on LAs and postoperative pain.

Primary and Secondary Responses to Incision
Postincisional pain results from a combination of primary
and secondary mechanisms.”**® In primary hypersensitiv-
ity, direct injury or inflammation changes the properties of
the nerves in the region of incision,! including those areas of
the skin that are reached by locally diffusing cytokines, inter-
leukins, or nerve growth factors,'®'*?”?® because it is
known that nerve fibers need not be injured to be sensitized
by an adjacent tissue injury.>*” The resulting increase of
impulse activity, which can drive peripheral and central con-
tributions to hypersensitivity, can be blocked by locally de-
livered LAs.

Secondary hypersensitivity results from alterations in the
processing of afferent impulses in the central nervous system
by central sensitization.>® This is a complex, heterogeneous
process that involves both presynaptic and postsynaptic
changes underlying long-term and, sometimes, more persis-
tent synaptic facilitation and depression.*’ Central nervous
system pain responses also are modulated by descending activity
from the brainstem and other more rostral loci,*"** which can
alter both acute responses and long-term plasticity.

In the current study, we found that BPIs in the midline
region of the paw resulted in increased responses in the me-
dial test area, a region innervated by the saphenous nerve, as
indicated by nerve transection studies®**>**%* and by spe-
cific LA block effects (fig. 1). This result suggests that central
sensitization, resulting in physiologic coupling of the inputs
from saphenous and sciatic nerves, occurs after BPI, a possi-
bility that is consistent with the adjacent projections of these
d**%> and with the observation that
blockade of sciatic impulses by a Xybrex implant reduces the
hyperalgesia in the medial test area after BPI, despite the

nerves in the spinal cor

absence of effect of such an implant on normal nocifensive
responses to noxious pinch of this medial test region in the
intact rat.

One source of potential confounding effects in this study
is the interaction between the incision on the leg, required to
deposit Xybrex, and the incisions on the paw. Both opera-
tions involve areas served by the sciatic nerve and both have
inputs into L4-L5 segments of spinal cord, allowing oppor-
tunities for localized central sensitization. Incision of the skin
on the medial aspect of the thigh causes a tactile hyperalgesic
response a day or two later on the ipsilateral hind paw,*
which might well portend increased sensitivity to subsequent
incision. Although implantation of the lidocaine-free matrix
for Xybrex caused minor changes in resting paw sensitivity,”'
hyperalgesic responses to subsequent insults still could be
increased, such as has been shown to occur weeks after the

resolution of inflammatory pain.46
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Effects of LAs on Postincisional Pain

In this study, prolonged blockade of the innervating nerve by
Xybrex implants strongly suppressed postincisional allodynia
and hyperalgesia in the region of the incision and, to a lesser
degree, in adjacent regions innervated by other nerves but
where postincisional hypersensitivity still was detected. Brief
blockade at the same nerve site by lidocaine solution was
essentially ineffective in reducing postincisional hypersensi-
tivity, confirming that the time period when afferent trans-
mission was critical for establishing postoperative sensitivity
extended beyond 2 h.

More specifically, we found that BPI led to hypersensitiv-
ity in all three test areas of the paw, and an ipsilateral sciatic
implant of Xybrex suppressed the hyperalgesia in all three
regions. A very similar antihyperalgesic effect resulted from a
contralateral sciatic Xybrex implant, albeit slightly less in the
lateral test area than in the other two. Identical Xybrex im-
plants located at a distant site under the skin of the nuchal
midline also suppressed hyperalgesia after BPI at all three test
locations and slightly less (approximately 70%) than that
from the contralateral implants. Such results are much more
consistent with actions from a systemically distributed drug
that reaches the peripheral and central nervous system loca-
tions than with direct conduction blockade of the nerve in-
nervating the wound site. This conclusion agrees with previ-
ous findings on secondary allodynia and hyperalgesia after
back incision, which, like the primary responses, can be pre-
vented by perioperative LAs (see Mechanisms of Antihyper-
algesia from LAs).' Although there appear to be different
mechanisms for the development of tactile allodynia and
hyperalgesia after incision,'” each is equally suppressed by
systemic LA, whose presence in the perioperative or imme-
diate postoperative period causes a profound suppression of
prolonged postoperative palin.lz*’47

When incising only the lateral edge of the hind paw, we
injured a cutaneous area exclusively innervated by the sciatic
nerve, resulting in tactile allodynia and hyperalgesia focused
in the lateral and the central paw areas, with minimal effects
on the medial paw area innervated by the saphenous nerve.
This lateral area’s postincisional hyperalgesia, an index of
primary hypersensitivity, was strongly suppressed by Xybrex
implants at the ipsilateral sciatic nerve. Postincisional hyper-
algesia at the ipsilateral paw central area also was suppressed
by the ipsilateral sciatic implant, but an almost identical sup-
pression resulted from an implant at the contralateral sciatic
nerve, a location that gave no relief of postincisional hyper-
algesia in the lateral area. Because there is no contralateral
tactile hypersensitivity after paw incision, and because only
the central area and not the lateral area hyperalgesia is sup-
pressed by the contralateral implant, the effect of this implant
is unlikely to arise from blocked conduction of contralateral
impulses. Therefore, Xybrex effects on pain from LPI are a
result of both direct conduction block for impulses originat-
ing at the incision site and systemic effects, modifying pain
processes at central locations.
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Mechanisms of Antihyperalgesia from LAs
How do perioperative LAs suppress postoperative pain? Both
local peripheral actions and systemic central actions seem to
be involved. The traditional actions of Na™ channel block-
ade acting on axonal excitability will prevent afferent im-
pulses from being generated48 and from being conducted to
the spinal cord, and also will suppress local neurogenic in-
flammation, actions that are known to reduce hypersensitiv-
ity after incisions.*”>° LAs not only block Na™ channels
(and Ca?" and K™ channels,’">? as well as transient receptor
potential vanniloid-1 receptors™ and other ligand-gated re-
ceptors,”*>) but they also disrupt the coupling between cer-
tain G proteins and their associated receptors.”®~® Through
this action, LAs exert potent antiinflammatory effects, par-
ticularly on neutrophil priming reactions. *>°%5° There are,
in addition, a variety of other antithrombotic and neuropro-
tective actions of intravenous LAs’® that are independent of
Na" channel blockade but may account for many of the
improvements in pain after surgery.GO’61

Central sensitization can be suppressed by many of the
same mechanisms, including the blockade of presynaptic and
postsynaptic receptors and ion channels of central synapses,
although these typically require LA concentrations at least 10
times higher than those that occur systemically during peri-
operative procedures (see Antihyperalgesic Actions of Perioper-
ative Intravenous Lidocaine). Acute effects of LAs on existing
targets, such as receptors or channels, can prevent impulses or
synaptic activity that is critical for the formation of more slowly
reversing or irreversible changes that underlie central neuroplas-
ticity. In addition, these drugs also can directly suppress cellular
responses that develop slowly and are persistent, such as neurite
outgrowth and glial activation.®>

Most studies of central sensitization underlying postin-
jury hyperalgesia have examined changes in the spinal
cord, but more rostral sites also are involved.®>°® For
example, glial activation occurs in the rostroventromedial
medulla of the brainstem after inflammation, and micro-
injections of glial mitogen-activated protein kinase inhib-
itors®” and of LAs®® into the rostroventromedial medulla
are known to strongly reduce this sensitization. It is pos-
sible that systemic LAs, with their ability to penetrate all
tissues, also could act in this inhibitory manner at the
rostroventromedial medulla and may affect other sites of
brain activity that underlie long-term postoperative pain.

Antihyperalgesic Actions of Perioperative Intravenous
Lidocaine

Xybrex implants at sciatic nerves and elsewhere might slowly
release lidocaine that is taken up systemically and distributed
into the central nervous system, where it is able to suppress
central sensitization. Indeed, preliminary data from our
laboratory show that plasma lidocaine concentrations af-
ter the sciatic implants of Xybrex may reach a peak value
of 3—4 ug lidocaine base/ml plasma and be detectable at
therapeutic concentrations, 1.0 ug/ml, for up to 12 h

Wang et al.
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(unpublished observations, April-May, 2008; Gary Stri-
chartz, Ph.D., and Chi-Fei Wang, M.D., Pain Research
Center, Harvard Medical School, Boston, Massachusetts).
These values are at or above the lidocaine concentrations
that occur during intentional intravenous administration
for relieving preexisting pain and that have been used in
animal experimental studies.®”°

The effects of perioperative systemic lidocaine may occur
through actions like those that reduce existing neuropathic
pain when lidocaine is delivered intravenously. This has been
an effective method for reducing long-term postoperative
palin71 and also for treating, with some success, existing neu-
ropathic pain arising from various causes.”” Perioperative
infusions of lidocaine, starting shortly before abdominal sur-
gery, cholecystectomy, or prostatectomy and extending to
1-3 h after surgery, have decreased self-reported pain scores
(usually as visual-analog scales), reduced the consumption of
postoperative analgesics (opioid), accelerated return of func-
tion, and shortened hospital stays.®>¢!7%74

LA conduction block (e.g., by neuraxial administration)
may appear equally effective as intravenous lidocaine in pro-
viding preemptive relief of postoperative pain.'*”> For epi-
dural blocks, however, systemic redistribution may result in
plasma LA concentrations that are therapeutically effective.
Although such concentrations (e.g., of lidocaine) are inade-
quate to block conduction of normal nerve impulses,* ab-
normal impulses, such as those that arise ectopically at sites of
injury or inflammation or at other locations of affected neu-
rons, almost are fully suppressed by such low concentra-
tions.”®”” Similar effects occur on abnormal repetitive im-
pulses that result from an increased expression of atypically
gating Na™" channels on peripheral nerve fibers, such as what
may occur after injury or incision.”®””

The effect of intravenous lidocaine on experimental pain
in humans has been studied using infusion protocols like
those for perioperative administration. In a human model of
skin incision at the volar forearm, Kawamata ez 2% found
that systemic lidocaine (delivered over 45 min in preinci-
sional and postincisional periods) transiently suppressed 1°
allodynia but persistently suppressed 2° allodynia. In the
same study, intravenous lidocaine given 30 min after the
incision was effective only during the drug administration
period, with allodynia returning quickly after that. Using an
almost identical dosing endpoint (to give up to 3 ug lido-
caine/ml plasma), Koppert ez 2.®' found that the increased
pain that occurred during the repeated presentation of a skin
pinch was prevented from developing by intravenous lido-
caine restricted to the test arm’s circulation, whereas the pain
threshold for heat stimulation was unaffected. These changes
did not occur when the same dose of lidocaine was allowed to
distribute within the entire circulation, showing that the site
of action was peripheral and not central.

Animal studies confirm the preemptive actions of intra-
venous LAs. Although systemic bupivacaine has lictle effect
on the initial postincisional primary mechanical allodynia
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and hyperalgesia at the incision site on the hairy skin of the
rat, it can suppress the later components of this pain and
virtually abolish secondary allodynia and hyperalgesia.'®
This antihyperalgesic effect suppresses postoperative pain
that would otherwise last for 4-5 days, although bupiva-
caine’s half-life in blood is less than 3 h, showing that the
systemic drug is interfering with a key process early in the
induction stage of postoperative pain. Identical delivery of
bupivacaine 46 h after the back incision, when the hyper-
sensitivity had reached a constant value and the maintenance
stage of postoperative pain had been reached and had less
than 0.5 the effectiveness in reversing both 1° and 2° re-
sponses, showed that the mechanisms and pathways for de-
veloping pain after surgery are different from those for main-
taining it."# These results mirror the findings of Kawamata ez
al.,** who applied local lidocaine before or after experimental
skin incision in humans. In that study, preincisional block
prevented the development of 2° allodynia, but postinci-
sional block had no effect, implying that the initial afferent
impulse activity was essential for causing the central sensiti-
zation that underlies 2° hyperesthesia but was unnecessary
for maintaining that sensitization.

A very similar result occurred when bupivacaine was de-
livered systemically around the time of experimental thora-
cotomy, such that 3 weeks after the procedure those rats that
received the LA were 70% less likely to show mechano-allo-
dynia as those that received no bupivacaine.”” Changes in the
activity of spinal wide dynamic range neurons after skin in-
cision are transiently suppressed by systemic lidocaine and by
its quaternary homolog, QX-314, which does not pass
through the blood—brain barrier and so is restricted to pe-
ripheral sites.""® This suggests that some peripheral activity,
perhaps other than impulse inhibition, is a factor in central
neuron changes, although the role of wide dynamic ranges in
ongoing pain has not been established.

For teaching the Skin Muscle Incision Retraction technique and
mentoring Dr. Pancaro during the mitogen-activated protein kinase
studies of the paw’s receptive fields after saphenous blockade,
Sarah Flatters, Ph.D., Kings College, London, United Kingdom, is
thanked. Some technical assistance was provided by Byong Sung
Lee, M.D., Visiting Fellow, Department of Anesthesiology, Periopera-
tive and Pain Medicine, Brigham & Women'’s Hospital, Boston, Massa-
chusetts. Excellent secretarial support provided by Ms. Brooke
Schwartz and graphics support from Mr. Jamie Bell (both from the
Department of Anesthesiology, Perioperative and Pain Medicine,
Brigham & Women’s Hospital) is gratefully acknowledged.

References

1. Kehlet H, Jensen TS, Woolf CJ: Persistent postsurgical pain:
Risk factors and prevention. Lancet 2006; 367:1618-25

2. Perkins FM, Kehlet H: Chronic pain as an outcome of sur-
gery. A review of predictive factors. ANESTHESIOLOGY 2000;
93:1123-33

3. Poobalan AS, Bruce J, Smith WC, King PM, Krukowski ZH,
Chambers WA: A review of chronic pain after inguinal her-
niorrhaphy. Clin J Pain 2003; 19:48-54

4. Katz J, Jackson M, Kavanagh BP, Sandler AN: Acute pain after
thoracic surgery predicts long-term post-thoracotomy pain.
Clin J Pain 1996; 12:50-5

Wang et al.

20z Idy 60 uo 3senb Aq jpd z€000-000101 1 0Z-2¥S0000/829252/SE /LI L L/ypd-8jonie/ABojoisayisaue/Woo JIeyoIan|is zese//:dpy woy papeojumoq



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Brennan TJ: Frontiers in translational research: The etiology of

incisional and postoperative pain. ANESTHESIOLOGY 2002; 97:535-7

. Himildinen MM, Gebhart GF, Brennan TJ: Acute effect of an

incision on mechanosensitive afferents in the plantar rat
hindpaw. ] Neurophysiol 2002; 87:712-20

. Yamamoto T, Shimoyama N, Mizuguchi T: Role of the injury

discharge in the development of thermal hyperesthesia after
sciatic nerve constriction injury in the rat. ANESTHESIOLOGY
1993; 79:993-1002

. MaC, ShuY, Zheng Z, Chen Y, Yao H, Greenquist KW, White

FA, LaMotte RH: Similar electrophysiological changes in axo-
tomized and neighboring intact dorsal root ganglion neu-
rons. J] Neurophysiol 2003; 89:1588-602

. Pogatzki EM, Gebhart GF, Brennan TJ: Characterization of

Adelta- and C-fibers innervating the plantar rat hindpaw one
day after an incision. J Neurophysiol 2002; 87:721-31

Dirks J, Mginiche S, Hilsted KL, Dahl JB: Mechanisms of postop-
erative pain: Clinical indications for a contribution of central neu-
ronal sensitization. ANESTHESIOLOGY 2002; 97:1591-6

Kawamata M, Koshizaki M, Shimada SG, Narimatsu E, Kozuka
Y, Takahashi T, Namiki A, Collins JG: Changes in response
properties and receptive fields of spinal dorsal horn neurons
in rats after surgical incision in hairy skin. ANESTHESIOLOGY
2005; 102:141-51

Mginiche S, Kehlet H, Dahl JB: A qualitative and quantitative
systematic review of preemptive analgesia for postoperative
pain relief: The role of timing of analgesia. ANESTHESIOLOGY
2002; 96:725-41

Ong CK, Lirk P, Seymour RA, Jenkins BJ: The efficacy of
preemptive analgesia for acute postoperative pain manage-
ment: A meta-analysis. Anesth Analg 2005; 100:757-73
Duarte AM, Pospisilova E, Reilly E, Mujenda F, Hamaya Y,
Strichartz GR: Reduction of postincisional allodynia by sub-
cutaneous bupivacaine: Findings with a new model in the
hairy skin of the rat. ANESTHESIOLOGY 2005; 103:113-25

Mujenda FH, Duarte AM, Reilly EK, Strichartz GR: Cutaneous
endothelin-A receptors elevate post-incisional pain. Pain
2007; 133:161-73

Brennan TJ, Vandermeulen EP, Gebhart GF: Characterization
of a rat model of incisional pain. Pain 1996; 64:493-501

Wu C, Boustany L, Liang H, Brennan TJ: Nerve growth factor
expression after plantar incision in the rat. ANESTHESIOLOGY
2007; 107:128-35

Wu C, Erickson MA, Xu J, Wild KD, Brennan TJ: Expression
profile of nerve growth factor after muscle incision in the
rat. ANESTHESIOLOGY 2009; 110:140-9

Woo YC, Park SS, Subieta AR, Brennan TJ: Changes in tissue pH
and temperature after incision indicate acidosis may contribute to
postoperative pain. ANESTHESIOLOGY 2004; 101:468-75

Zahn PK, Subieta A, Park SS, Brennan TJ: Effect of blockade
of nerve growth factor and tumor necrosis factor on pain
behaviors after plantar incision. J Pain 2004; 5:157-63
Banik RK, Brennan TJ: Sensitization of primary afferents to me-
chanical and heat stimuli after incision in a novel in vitro mouse
glabrous skin-nerve preparation. Pain 2008; 138:380-91
Kawamata M, Watanabe H, Nishikawa K, Takahashi T, Ko-
zuka Y, Kawamata T, Omote K, Namiki A: Different mecha-
nisms of development and maintenance of experimental
incision-induced hyperalgesia in human skin. ANESTHESIOLOGY
2002; 97:550-9

Huang JH, Thalhammer JG, Raymond SA, Strichartz GR: Sus-
ceptibility to lidocaine of impulses in different somatosen-
sory afferent fibers of rat sciatic nerve. J] Pharmacol Exp Ther
1997; 282:802-11

Gokin AP, Philip B, Strichartz GR: Preferential block of small
myelinated sensory and motor fibers by lidocaine: In vivo
electrophysiology in the rat sciatic nerve. ANESTHESIOLOGY
2001; 95:1441-54

Huang SJ, Wang JJ, Ho ST, Liu HS, Liaw WJ, Li MJ, Liu YH:

Anesthesiology 2011; 114:135-49

26.

27.

28.

29.

30.

31.

32.

33.

34.

30.

37.

38.

39.

40.

41.

42.

43.

44.

Xybrex Reduction of Postincisional Pain

The preemptive effect of pre-incisional bupivacaine infiltra-
tion on postoperative analgesia following lower abdominal
surgery under epidural anesthesia. Acta Anaesthesiol Sin
1997; 35:97-102

Kato J, Ogawa S, Katz J, Nagai H, Kashiwazaki M, Saeki H,
Suzuki H: Effects of presurgical local infiltration of bupiva-
caine in the surgical field on postsurgical wound pain in
laparoscopic gynecologic examinations: A possible preemp-
tive analgesic effect. Clin J Pain 2000; 16:12-7

Rosaeg OP, Bell M, Cicutti NJ, Dennehy KC, Lui AC, Krepski
B: Pre-incision infiltration with lidocaine reduces pain and
opioid consumption after reduction mammoplasty. Reg
Anesth Pain Med 1998; 23:575-9

Gottschalk A, Burmeister MA, Radtke P, Krieg M, Farokhzad
F, Kreissl S, Strauss M, Standl T: Continuous wound infiltra-
tion with ropivacaine reduces pain and analgesic require-
ment after shoulder surgery. Anesth Analg 2003; 97:1086-91
Rowlingson JC, Rawal N: Postoperative pain guidelines-tar-
geted to the site of surgery. Reg Anesth Pain Med 2003;
28:265-77

Xie W, Strong JA, Meij JT, Zhang JM, Yu L: Neuropathic pain:
Early spontaneous afferent activity is the trigger. Pain 2005;
116:243-56

Wang CF, Djalali AG, Gandhi A, Knaack D, De Girolami U,
Strichartz G, Gerner P: An absorbable local anesthetic matrix
provides several days of functional sciatic nerve blockade.
Anesth Analg 2009; 108:1027-33

Thalhammer JG, Vladimirova M, Bershadsky B, Strichartz GR:
Neurologic evaluation of the rat during sciatic nerve block
with lidocaine. ANESTHESIOLOGY 1995; 82:1013-25

Van Remoortere MP, Meert TF, Vissers KC, Coppenolle H,
Adriaensen H: Refinement of symptoms of neuropathic pain
measurements after various transections of the nerve end-
ings of the sciatic and femoral nerve in rats: An exploratory
behavioral analysis. Anesth Analg 2007; 104:1236 - 45
Devor M, Schonfeld D, Seltzer Z, Wall PD: Two modes of
cutaneous reinnervation following peripheral nerve injury.
J Comp Neur 1979; 185:211-20

. Swett JE, Woolf CJ: The somatotopic organization of primary

afferent terminals in the superficial laminae of the dorsal
horn of the rat spinal cord. ] Comp Neur 1985; 231:66-77
Treede RD, Meyer RA, Raja SN, Campbell JN: Peripheral and
central mechanisms of cutaneous hyperalgesia. Prog Neuro-
biol 1992; 38:397-421

Angst MS, Clark JD, Carvalho B, Tingle M, Schmelz M, Yeo-
mans DC: Cytokine profile in human skin in response to
experimental inflammation, noxious stimulation, and admin-
istration of a COX-inhibitor: A microdialysis study. Pain
2008; 139:15-27

Sahbaie P, Shi X, Guo TZ, Qiao Y, Yeomans DC, Kingery WS,
Clark JD: Role of substance P signaling in enhanced nocicep-
tive sensitization and local cytokine production after inci-
sion. Pain 2009; 145:341-9

Ringkamp M, Meyer RA: Injured versus uninjured afferents:
Who is to blame for neuropathic pain? ANESTHESIOLOGY 2005;
103:221-3

Latremoliere A, Woolf CJ: Central sensitization: A generator
of pain hypersensitivity by central neural plasticity. J Pain
2009; 10:895-926

Ren K, Dubner R. Descending control mechanisms, Science
of Pain. Edited by Basbaum AI, Bushnell MC. Elsevier, Am-
sterdam, 2009, pp 723-62

Treede RD, Magerl W: Multiple mechanisms of secondary
hyperalgesia. Prog Brain Res 2000; 129:331-41

Decosterd I, Woolf CJ: Spared nerve injury: An animal model
of persistent peripheral neuropathic pain. Pain 2000; 87:
149-58

Tal M, Bennett GJ: Extra-territorial pain in rats with a periph-
eral mononeuropathy: Mechano-hyperalgesia and mechano-

Wang et al.

20z Idy 60 uo 3senb Aq jpd z€000-000101 1 0Z-2¥S0000/829252/SE /LI L L/ypd-8jonie/ABojoisayisaue/Woo JIeyoIan|is zese//:dpy woy papeojumoq



PAIN MEDICINE

45.
406.
47.

48.
49.
50.

51.
52.
53.

54.

55.

56.

57.

58.

60.

ol.

62.

03.

allodynia in the territory of an uninjured nerve. Pain 1994;
57:375-82

Flatters SJ: Characterization of a model of persistent postop-
erative pain evoked by skin/muscle incision and retraction
(SMIR). Pain 2008; 135:119-30

Yukhananov R, Kissin I: Persistent changes in spinal cord gene
expression after recovery from inflammatory hyperalgesia: A pre-
liminary study on pain memory. BMC Neurosci 2008; 9:32

Shin JW, Pancaro C, Wang CF, Gerner P: Low-dose systemic
bupivacaine prevents the development of allodynia after
thoracotomy in rats. Anesth Analg 2008; 107:1587-91
Raymond SA: Subblocking concentrations of local anesthet-
ics: Effects on impulse generation and conduction in single
myelinated sciatic nerve axons in frog. Anesth Analg 1992;
75:906-21

Amir R, Argoff CE, Bennet GJ, Cummins TR, Durieux ME,
Gerner P, Gold MS, Porreca F, Strichartz GR: The role of
sodium channels in chronic inflammatory and neuropathic
pain. J Pain 2006; 7 (5 suppl 3):51-29

Cassuto J, Sinclair R, Bonderovic M: Anti-inflammatory prop-
erties of local anesthetics and their present and potential
clinical implications. Acta Anaesthesiol Scand 2006;
50:265-82

Guo XT, Castle NA, Chernoff DM, Strichartz GR: Compara-
tive inhibition of voltage-gated cation channels by local an-
esthetics. Ann NY Acad Sci 1991; 625:181-99

Xiong Z, Strichartz GR: Inhibition by local anesthetics of
Ca2+ channels in rat anterior pituitary cells. Eur J Pharmacol
1998; 363:81-90

Hirota K, Smart D, Lambert DG: The effects of local and
intravenous anesthetics on recombinant rat VR1 vanilloid
receptors. Anesth Analg 2003; 96:1656 - 60

Yanagidate F, Strichartz GR: Bupivacaine inhibits activation
of neuronal spinal extracellular receptor-activated kinase
through selective effects on ionotropic receptors. ANESTHESI-
OLOGY 2006; 104:805-14

Yanagidate F, Strichartz G: Local anesthetics, Analgesia:
Handbook of Experimental Pharmacology, Vol. 177. Edited
by Stein C. Berlin, Springer-Verlag, 20006, pp 95-127

Li YM, Wingrove DE, Too HP, Marnerakis M, Stimson ER,
Strichartz GR, Maggio JE: Local anesthetics inhibit substance
P binding and evoked increases in intracellular Ca*". ANEs-
THESIOLOGY 1995; 82:166-73

Hollmann MW, Striimper D, Durieux ME: The poor man’s
epidural: Systemic local anesthetics for improving postoper-
ative outcomes. Med Hypotheses 2004; 63:386-9
Hollmann MW, Strumper D, Herroeder S, Durieux ME: Re-
ceptors, G proteins, and their interactions. ANESTHESIOLOGY
2005; 103:1066-78

. Hollmann MW, Gross A, Jelacin N, Durieux ME: Local anes-

thetic effects on priming and activation of human neutro-
phils. ANESTHESIOLOGY 2001; 95:113-22

Kaba A, Laurent SR, Detroz BJ, Sessler DI, Durieux ME, Lamy
ML, Joris JL: Intravenous lidocaine infusion facilitates acute
rehabilitation after laparoscopic colectomy. ANESTHESIOLOGY
2007; 106:11-8

Groudine SB, Fisher HA, Kaufman RP Jr, Patel MK, Wilkins L],
Mehta SA, Lumb PD: Intravenous lidocaine speeds the return
of bowel function, decreases postoperative pain, and short-
ens hospital stay in patients undergoing radical retropubic
prostatectomy. Anesth Analg 1998; 86:235-9

Toledo-Aral JJ, Brehm P, Halegoua S, Mandel G: A single
pulse of nerve growth factor triggers long-term neuronal
excitability through sodium channel gene induction. Neuron
1995; 14:607-11

Chen JJ, Lue JH, Lin LH, Huang CT, Chiang RP, Chen CL, Tsai
YJ: Effects of pre-emptive drug treatment on astrocyte acti-
vation in the cuneate nucleus following rat median nerve
injury. Pain 2010;148:158 - 66

Anesthesiology 2011; 114:135-49

64.

65.

66.

67.

68.

69.

70.

71.

72.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Hiruma H, Maruyama H, Simada ZB, Katakura T, Hoka S,
Takenaka T, Kawakami T: Lidocaine inhibits neurite growth
in mouse dorsal root ganglion cells in culture. Acta Neuro-
biol Exp (Wars) 1999; 59:323-7

Vera-Portocarrero LP, Zhang ET, Ossipov MH, Xie JY, King T,
Lai J, Porreca F: Descending facilitation from the rostral
ventromedial medulla maintains nerve injury-induced central
sensitization. Neuroscience 2006; 140:1311-20

Ji RR, Gereau RW 4th, Malcangio M, Strichartz GR: MAP
kinase and pain. Brain Res Rev 2009; 60:135-48

Roberts J, Ossipov MH, Porreca F: Glial activation in the
rostroventromedial medulla promotes descending facilita-
tion to mediate inflammatory hypersensitivity. Eur J Neurosci
2009; 30:229-41

Chen Q, King T, Vanderah TW, Ossipov MH, Malan TP Jr, Lai
J, Porreca F: Differential blockade of nerve injury-induced
thermal and tactile hypersensitivity by systemically adminis-
tered brain-penetrating and peripherally restricted local an-
esthetics. J Pain 2004; 5:281-9

Chaplan SR, Bach FW, Shafer SL, Yaksh TL: Prolonged alle-
viation of tactile allodynia by intravenous lidocaine in neu-
ropathic rats. ANESTHESIOLOGY 1995; 83:775-85

Araujo MC, Sinnott CJ, Strichartz GR: Multiple phases of
relief from experimental mechanical allodynia by systemic
lidocaine: Responses to early and late infusions. Pain 2003;
103:21-9

Marret E, Rolin M, Beaussier M, Bonnet F: Meta-analysis of
intravenous lidocaine and postoperative recovery after ab-
dominal surgery. Br J Surg 2008; 95:1331-8

Mao J, Chen LL: Systemic lidocaine for neuropathic pain
relief. Pain 2000; 87:7-17

. Cassuto J, Wallin G, Hogstrom S, Faxén A, Rimbick G:

Inhibition of postoperative pain by continuous low-dose
intravenous infusion of lidocaine. Anesth Analg 1985; 64:
971-4

Koppert W, Zeck S, Sittl R, Likar R, Knoll R, Schmelz M:
Low-dose lidocaine suppresses experimentally induced hy-
peralgesia in humans. ANESTHESIOLOGY 1998; 89:1345-53

Swenson BR, Gottschalk A, Wells LT, Rowlingson JC, Thomp-
son PW, Barclay M, Sawyer RG, Friel CM, Foley E, Durieux
ME: Intravenous lidocaine is as effective as epidural bupiva-
caine in reducing ileus duration, hospital stay, and pain after
open colon resection: A randomized clinical trial. Reg Anesth
Pain Med 2010; 35:370-6

Devor M, Wall PD, Catalan N: Systemic lidocaine silences
ectopic neuroma and DRG discharge without blocking nerve
conduction. Pain 1992; 48:261-8

Xiao WH, Bennett GJ: C-fiber spontaneous discharge evoked
by chronic inflammation is suppressed by a long-term infu-
sion of lidocaine yielding nanogram per milliliter plasma
levels. Pain 2008; 137:218-28

Khodorova A, Meissner K, Leeson S, Strichartz GR: Lidocaine
selectively blocks abnormal impulses arising from noninac-
tivating Na channels. Muscle Nerve 2001; 24:634-47
Persaud N, Strichartz GR: Micromolar lidocaine selectively
blocks propagating ectopic impulses at a distance from their
site of origin. Pain 2002; 99:333-40

Kawamata M, Takahashi T, Kozuka Y, Nawa Y, Nishikawa K,
Narimatsu E, Watanabe H, Namiki A: Experimental incision-
induced pain in human skin: Effects of systemic lidocaine on
flare formation and hyperalgesia. Pain 2002; 100:77-89
Koppert W, Ostermeier N, Sittl R, Weidner C, Schmelz M:
Low-dose lidocaine reduces secondary hyperalgesia by a
central mode of action. Pain 2000; 85:217-24

Kawamata M, Sugino S, Narimatsu E, Yamauchi M, Kiya T,
Furuse S, Namiki A: Effects of systemic administration of
lidocaine and QX-314 on hyperexcitability of spinal dorsal
horn neurons after incision in the rat. Pain 2006; 122:68 - 80

Wang et al.

20z Idy 60 uo 3senb Aq jpd z€000-000101 1 0Z-2¥S0000/829252/SE /LI L L/ypd-8jonie/ABojoisayisaue/Woo JIeyoIan|is zese//:dpy woy papeojumoq



