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Abstract

Thoracotomy often results in chronic pain, characterized by resting pain and elevated mechano-
sensitivity. This paper defines complex behavioral responses to tactile stimulation in rats after
thoracotomy, shown to be reversibly relieved by systemic morphine, in order to develop a novel
qualitative “pain” score. A deep incision and 1 hour of rib retraction in male Sprague-Dawley rats
resulted in reduced threshold and a change in the locus of greatest tactile (von Frey filament)
sensitivity, from the lower back to a more rostral location around the wound site, and extending
bilaterally. The fraction of rats showing nocifensive responses to mild stimulation (10 gm)
increased after thoracotomy (from a pre-operative value of 0/10 to 8/10 at 10 days post-op), and
the average threshold decreased correspondingly, from 15 gm to ~4 gm. The nature of the
nocifensive responses to tactile stimulation, composed pre-operatively only of no response (Grade
0) or brief contractions of the local subcutaneous muscles (Grade 1), changed markedly after
thoracotomy, with the appearance of new behaviors including a brisk lateral “escape” movement
and/or a 180° rotation of the trunk (both included as Grade I1), and whole body shuddering, and
scratching and squealing (Grade I11). Systemic morphine (2.5 mg/kg, i.p.) transiently raised the
threshold for response and reduced the frequency of Grade 11 and 111 responses, supporting the
interpretation that these represent pain. The findings support the development of a Qualitative
Hyperalgesic Profile to assess the complex behavior that indicates a central integration of
hyperalgesia.
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INTRODUCTION

Despite much research, our knowledge of the mechanisms of chronic post-operative pain
remains limited [1-6]. Peripheral factors that are released by damaged tissue have identified
importance for the induction of acute post-incisional pain [7-10], and a role for central
glutamate receptors [11, 12], TRPV1 [13], and certain mitogen activated protein kinases
(MAPK), such as p38 [14, 15], in both glia and neurons [15-18], have been shown for the
induction of acute post-incisional and of prolonged, retraction-induced pain [19]. However,
there have been almost no studies on the factors that are critical for the pain that persists for
months after surgery.

Estimates of patients suffering pain lasting for more than several months following
thoracotomy range as high as 40% [1, 20-25]. Pain occurs at rest, i.e. with shallow
breathing, and also has a pronounced movement-related component during coughing,
stretching or twisting, an example of mechano-hyperalgesia [26—28]. Debate has centered
around the frequency with which this pain can be classified as neuropathic [22, 29-31] and
intentional modifications in surgical procedures have reduced the incidence of chronic pain
[28, 32—-36], primarily by lowering the likelihood of intercostal nerve damage [37-41]. A
variety of local and other anesthetic methods have also been shown to reduce post-
thoracotomy pain [24, 42-46], but the mechanisms of effect here are not obvious since such
drugs are known to act on multiple different targets [47]. At present the cellular and
molecular mechanisms, for the most part assigned to the central nervous system [1, 17,
31,48], that result in the persistence of such pain are obscure.

An important opportunity to approach this problem was provided by the development of a
model for chronic post-thoracotomy pain in the rat [49]. This first report described the
surgical procedure, reported mechanical hypersensitivity and cold allodynia, characterized
their time course, and showed evidence of peripheral nerve injury at the surgical site. An
earlier paper showed that intercostal nerve ligation caused tactile hypersensitivity lasting at
least one month, whereas cutting the nerve cleanly caused only two weeks of
hypersensitivity [50]. A number of “escape” behaviors, such as jumping, scratching the site,
squeaking and trembling were observed from tactile stimulation with von Frey hairs in the
nerve ligated rats, but only a summed score from these behaviors was reported. No such
analysis of rats after thoracotomy has been reported.

Others have used the thoracotomy model to examine the preventive actions of systemic local
anesthetic [51], and the ineffectiveness of nerve treatment with resiniferatoxin [52]. As with
much other work on experimental animal “pain,” these and the above-mentioned reports
used rapid withdrawal responses to brief external stimulation to quantify “nocifensive”
behavior. In the absence of measurements of central processing, such as fMRI or other brain
imaging methods, we cannot be certain that such withdrawal corresponds to CNS responses
to perceived pain. Indeed, the possibility that withdrawal does not equate with pain (but
perhaps to some other sensation/perception) raises the concern that agents that are effective
as “anti-hypersensitivity” treatments in animal models may very likely fail as effective
clinical analgesics [2, 53, 54].

In the present work we have used the rat thoracotomy model to identify complex evoked
behaviors for measuring post-operative “pain.” Beyond measuring the frequency and time-
course of simple withdrawal responses to tactile stimuli, we have identified and graded more
complex behavior, including turning of the body, a whole-body tremble or scratching and
squealing, as a means of registering a degree of perceived pain. Post-thoracotomy rats have
also been administered systemic morphine for its known analgesic actions, in order to
validate the identification of these complex behaviors with actual pain [55].
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In addition, the dorsal root ganglia (DRG) have been removed from hypersensitive rats after
thoracotomy for double immunostaining to detect the expression of ATF3, a known marker
of nerve injury [56], and NF-200, a known marker for myelinated neurons. Our results
reveal the presence of nerve injury (ATF-3 expression) by thoracotomy in both myelinated
and non-myelinated neuronal types.

MATERIALS AND METHODS

Animals

All procedures were approved by the Harvard Medical Area Standing Committee on
Animals (Boston, MA) and are in keeping with international standards for the care and
treatment of laboratory animals [57] Male Sprague-Dawley rats were purchased from
Charles River Laboratory (Wilmington, MA) and kept in the animal housing facilities at
Brigham and Women’s Hospital, with controlled relative humidity (20%-30%), at room
temperature (24°C), and under a 12-12 h light-dark cycle, with free access to food and
water. They were handled for 5-7 days before the procedure to familiarize them with the
experimental environment, so as to minimize stress-induced analgesia and to establish
baseline behavioral parameters for each individual animal. At the time of surgery, animals
weighed 280-310 g.

Surgical Procedures

Endotracheal Intubation—Rats were briefly anesthetized with 4%-5% sevoflurane
(Sevorane, Abbott Laboratory, North Chicago, IL, USA) before receiving intraperitoneal
pentobarbital sodium (60 mg/kg; Nembutal, Akorn, Inc., Lake Forest, IL). Animals were
then tracheally intubated by a method modified from Weksler et al. [58]. The anesthetized
rat was placed in the supine position with a small pillow under the neck. An otoscope
(Welch Allyn, Inc., Skaneateles Falls, NY) with a number 3 speculum was introduced into
the animal’s oropharynx, and the tongue was gently retracted and fixed above the speculum
by left index finger compression. A guide wire (spring-wire guide: 0.46 mm dia. X 25 cm;
Arrow® International, Inc., Reading, PA) was introduced through the epiglottis, then vocal
cords, into the trachea. The otoscope removed over the wire, a 16-gauge polyethylene
Angiocath (1.7 x 51 mm Insyte™ Autoguard™ winged; BD Infusion Therapy Systems Inc.,
Sandy, UT) was glided over the wire to its full length. The wire was removed, the catheter
was connected to a Y-connector attached to tubing from a small animal pressure controlled
ventilator (model TOPO220; Kent Scientific Corporation, Torrington, CN), which was set at
a respiratory rate of 65-80/min. An isoflurane vaporizer (SurgiVet) was connected to the
intake of the ventilator to deliver a concentration 1.0%-1.5% isoflurane in oxygen when
necessary. A CO» analyzer (model CapStar-100; IITC Inc., Woodland Hills, CA) was
connected to the expiratory end to monitor end tidal CO,, which was maintained at 25-40
mm Hg for the entire surgical procedure.

Thoracotomy and Rib Retraction—Following closely the report of Buvanendran et al.
[49], the anesthetized rats were placed in the left decubitous position with a pillow under the
contralateral armpit to elevate the surgical field. The skin below the ear line and above the
superior iliac crest was shaved on both sides. A 3 cm long incision was made in the skin of
the right lateral chest wall along the fourth intercostal line, beginning from 1 cm lateral to
the midline and 1 cm below the inferior angle of right scapula (Fig. 1). The superficial and
deep lateral thoracic muscles covering the ribs were incised and retracted to expose the
intercostal muscles. A 1.0 cm incision was made through the intercostal muscle and pleura
along the cranial border of the fifth rib. The blunt tines of a small retractor (model 17003-03,
Goldstein 3x3 sharp teeth with depth 4.5 mm, teeth width 6.5 mm; FST, Inc., Foster City,
CA) were placed under the fourth and fifth ribs. The retractor was opened to separate the
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ribs by 1 cm, and was left in place for 60 min, as previously described [49]. During this time
the open wound was covered with wet-dressing gauze kept moist with sterile phosphate
buffered saline (PBS). After one hour the retractor was closed and removed and the fourth
and fifth ribs were approximated and ligated tightly with 4-0 Vicryl sutures (Ethicon,
Sommerville NJ). Air was aspirated from the pleural cavity with a 5-mL syringe attached to
the polyethylene tubing to restore normal intrapleural pressure. The superficial muscle
covering the ribs was then apposed with 4-0 Vicryl sutures (MYCO Medical, Cary, NC),
and the skin was closed with 3-0 prolene sutures (Ethicon). The animals were allowed to
recover, and the endotracheal catheter was removed once spontaneous breathing was
reestablished.

Morphine sulfate, USP grade, was purchased from West-Ward Pharmaceuticals (Eatontown,
NJ) and a stock solution of 2.5 mg/mL made by dissolving in sterile saline. Different
volumes of this stock solution were injected intraperitoneally with a 28g needle attached to a
1 cc insulin syringe to achieve a final dose of 2.5 mg/kg. No signs of ataxia, locomotion or
imbalance were detected after this dosing, and normal exploratory behavior was not altered,
suggesting that no major motor deficits were present. Consistent with this, comparisons of
brain activity during morphine analgesia with that from known sedatives that have little to
no analgesic activity have shown that even at 3mg/kg i.p., morphine has little sedative effect
[55].

Behavioral Testing

To test mechanical hyperalgesia, each rat was placed in a loose restraining cage (8cm X 9cm
X 20cm) and allowed to rest there for 15 minutes. A series of calibrated von Frey filaments
(VFH; Stoelting Co, Wood Dale, IL) with bending forces ranging from 0.4 to 15.0 g was
applied perpendicularly to the dorsal skin surface, starting from the lowest force, to calculate
the threshold for a nocifensive response. Each VFH was applied sequentially at a particular
rostro-caudal region, starting at the contralateral side, moving towards the midline, and then
extending to the ipsilateral area (Fig. 1). By this process the skin was tested along bands of
1cm width at each dorso-thoracic segment, moving from the least to the most sensitive area.
Each testing spot, separated by 1cm, was probed twice, pressing with a 3 second duration
spaced 3 seconds apart. There was a 30 second resting period between each spot tested. The
VFH force was increased progressively until a defined response occurred (see below) and
then reduced and again increased to verify the threshold force. Rats responding to the lowest
force filament that was used, 0.4 g, were assigned this as the threshold, and those not
responding to the highest force were assigned a “ceiling” threshold of 15.1 g. Higher forces
were avoided to minimize the tactile sensitization that occurs with these stiffer VFHs.

In one analysis of threshold for nocifensive responses, the average threshold force, to
produce any response, was calculated for each experimental group. In a different analysis,
“allodynia” was functionally defined by any response to a 10g VFH since that force never
caused a response in handled animals in the preoperative period; the fraction of rats in each
group that responded to a 10g VFH was then used as an allodynic population fraction (0—
1.0).

Nocifensive behavior was categorized by the intensity of response into four grades,
according to the behavior displayed, as follows: Grade O - no response, even at 15 g VFH
stimulation; Grade| - slight movement of feet to shift body away from the stimulus or local
subcutaneous muscle contraction (the cutaneous truncii muscle response, CTMR) [59];
Gradell —strong CTMR and brisk lateral movement of the trunk by several centimeters
away from the stimulus, followed by turning around (180° re-orientation); Gradelll -
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behavior of Grade Il plus scratching near the test location, whole body shuddering or
vocalization. In naive, un-operated rats Grade Il and 111 behavior were rarely if ever
observed when poking was done with VFH up to 26 gm, although these behaviors, except
for the shudder, were observed in response to a forceful pinch of the lumbar back skin with
serrated forceps. Thus, in a third type of analysis each experimental group was divided
according to the fraction of animals that showed Grade I, Grade Il or Grade 111 at threshold.
The distribution of the population among these four grades is termed the Qualitative
Hyperalgesia Profile.

The responsive area over which any of these ostensibly nocifensive behaviors was first
induced by the weakest VFH, i.e., at the threshold for the least intense nocifensive response,
was mapped for each individual rat. Responsive areas for each rat in the test cohort (usually
n=7-8) were graphically summed over all rats to give a “color map” showing the anatomical
distribution of post-operative hypersensitivity all rats in the experimental group (Fig. 1).

Behavioral evaluations were made over 2 days before thoracotomy, and averaged as the
baseline, and then daily at post-operative days (PODs) 1- 8, then every 2 days until day 36,
at which time animals were euthanized by CO» asphyxiation.

Dorsal Root Ganglion Immunocytochemistry—All animals were terminally
anesthetized with isoflurane (>5%) and perfused through the ascending aorta with saline
followed by 4% paraformaldehyde containing 1.5% picric acid and 0.16M PB (pH 7.4, 4°C,
Ji et al., 1995). After perfusion, DRGs were removed and post-fixed in the same fixative
overnight. DRG sections (15 pm) were cut on a cryostat. For single immunofluorescence,
sections were blocked with 2% goat serum in 0.3% Triton for 1 h at room temperature (RT),
and incubated for 16-48h at 4°C with primary antibody. DRG sections were stained with the
following primary antibodies: anti-ATF-3 (1:1000, rabbit, Santa Cruz) and NF-200 (1:2000,
mouse, Chemicon). Sections will then be incubated with FITC- or CY3-conjugated
secondary antibody (1:400, Jackson Immunolab) for 60-90 minutes. For double
immunofluorescence, sections were incubated with a mixture of primary antibodies from
different species (e.g., rabbit and mouse primary antibodies), followed by a mixture of
FITC-conjugated and CY 3-conjugated secondary antibodies [60, 61]. Immunostained slides
were examined under a Nikon fluorescence microscope. All the images were captured with a
high resolution CCD Spot camera (Diagnostic Instruments Inc.) under the same conditions
and analyzed with NIH Image software or Adobe PhotoShop. To determine co-localization
after double staining, two single stained images were merged under Adobe PhotoShop, and
single and double-labeled cells were detected from the merged images.

Statistical Analysis

Threshold forces are presented as mean £ SEM, and are compared for statistically
significant differences among groups by multi-group ANOVA followed by Tukey’s test.
When compared to the pre-operative baseline value or to the post-operative + pre-morphine
value, these analyses are corrected for repeated measures adjustments. The behavior in the
QHP analysis is reported as the population distribution among the different grades in any
one treatment group; significant differences among distributions in the different groups were
determined by Jonckheere-Terpstra statistics. All statistical tests were conducted using SAS
version 9.3 software (SAS, Cary, N.C.). Unless specifically noted, significance occurred for
P<0.05.
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RESULTS

Anatomical distribution of tactile hypersensitivity changes after thoracotomy

Before thoracotomy, the area of lowest threshold was centered around the midline, near the
L3-L5 vertebra and extending 2-4 cm bilaterally (Fig. 1, Baseline). Most of the rats showed
no response, even to a 15g VFH, the maximum force used, and none had their lowest
thresholds at the site of future incision/retraction, shown by the dotted line in the “Baseline”
schematic of (Fig. 1).

The initial increase in tactile hypersensitivity was not observed until 3—4 days after surgery
(post-operative day 3-4, POD3-4), from which time it became progressively worse (Fig. 2).
On PODS8 almost all the rats showed some nocifensive response to VFHSs below 10g (Fig.
2A), and the most sensitive area was located more rostrally, on the surgical (ipsilateral) side,
close to the incision/retraction site (Fig. 1). It is noteworthy that hypersensitivity was also
present on the contralateral side, centered about 1 cm more caudal than the most sensitive
locus to ipsilateral stimulation (Fig. 1, POD14). There was a concomitant lateral spread in
the responsive area, both ipsi- and contralateral. At this time most of the rats responded to at
least one of the filaments of 15g or less, as shown by the red-orange zones of the pain “color
map” (Fig. 1). By POD14 the area of pain responsiveness had increased slightly and the
hyper sensitive population fraction had reached the maximum (7-8/1C; Fig. 2A), although
the overall anatomical distribution was centered on the same region as on POD5. At POD36
the area of pain had regressed slightly, but the same fraction of rats remained hypersensitive
as at POD14 (Fig. 2A).

Thoracotomy reduces threshold for nocifensive responses

Thoracotomy and rib retraction was also followed after POD3-4 by a drop in threshold for
nocifensive responses, from 15.1 to ~4gm (Fig. 2B) (Sham surgery, involving only incision
and no retraction, caused only a brief (2-3d) and small (~2-3g) drop in threshold, as
previously reported by Buvanendram et al. [49], data not shown.). The lowest threshold was
reached by POD5-7 and, despite the small decrease in allodynic area that occurred by
POD36 (Fig. 1), there was no significant change in the threshold after POD10 (Fig. 2B). In
subsequent experiments, male rats have been monitored for 9 weeks after thoracotomy and
have shown no signs of recovery of threshold (data not shown).

Spatial variation in threshold after thoracotomy

The drop in average threshold after thoracotomy and retraction, measured over the entire
dorso- thoracolumbar region, can be further resolved by mapping the spatial distribution of
thresholds. In intact rats during the preoperative test period those rats that do respond (with
only local cutaneous muscle contraction, Grade I, see Methods and below) have the lowest
thresholds at the most caudal locations, and nearer the midline (Fig. 3A). For this cohort of
rats (which were a different population than those used for experiments of Figs. 1 and 2), the
lowest thresholds in intact skin are 7-8 g. The threshold distribution pattern changes after
surgery, with the lowest thresholds, now less than 2 g, located in the rostral region around
the incision, and on both ipsi- and contralateral sides (Fig. 3B). There was a consistent and
significant difference between thresholds here, with the contralateral side’s threshold (0.9-1
g) lower than the ipsilateral side’s (1.3-1.9 g). Perhaps this difference is due to local,
unilateral denervation and subsequent sensory loss around the incision on the ipsilateral side.

Intensity grading of responses is altered by thoracotomy

In preoperative testing, behavior was characterized as Grade 0 in about one third of the rats,
and Grade | in the other two thirds (Fig. 4). In none of the three groups of rats (n=8 in each)
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that have been characterized this way has there been pre-operative behavior greater than
Grade | when the VFH force was limited to 15 gm. Thoracotomy and rib retraction led to the
appearance of the more intense behavior of Grades Il and I11, with ca. 80% of the rats
showing Grade 111 responses for the cohort used for Fig. 4’s experiments, the remainder with
the milder behavior of Grade | (14%) or with no response (Grade 0, 7%). This shift to the
higher grades of response was constant when tested at PODs 5, 14 and 36 (data not shown).

Thoracotomy and rib retraction induces ATF-3 expression in DRG neurons

To examine the extent of nerve damage in the thoracotomy model, we investigated the
expression of ATF-3, a transcription factor that is only expressed in DRG neurons with
axonal injury [56]. As expected, ATF-3 is not expressed in DRG neurons under normal
conditions (Fig. 5a). However, thoracotomy and rib retraction induced ATF-3 expression in
many neurons in the T4 DRG at POD10 (Fig. 5b), indicating extensive axonal injury. Both
small and large diameter cells in these ganglia express ATF-3. Double staining with NF-200
shows that ATF-3 occurs in both myelinated (NF-200-positive) and unmyelinated (NF-200-
negative) neurons (Fig. 5¢). Taken together, these results show that incision and rib-
retraction produces marked nerve injury in both unmyelinated and myelinated fibers,
measured at a time when mechano-hypersensitivity had reached its maximum value.

SYSTEMIC MORPHINE TEMPORARILY REVERSES THE SIGNS OF
ALLODYNIA AFTER THORA-COTOMY

Intraperitoneal injection of morphine (2.5 mg/kg), a dose without sedative effects in rats
[55], partially reverses tactile hyperalgesia after thoracotomy and retraction (Fig. 6). At 30
minutes - 2 hours after morphine injection the average threshold was above that of post-
thoracotomy rats that received i.p. saline, but still below that of the pre-operative threshold
of this cohort (Fig. 6A). This partial, transient relief by morphine fell to insignificant levels
by 3hr after injection.

Examination of the responses of individual animals showed the variation in the degree and
time-course of threshold change after morphine, with two rats fully recovering to pre-
operative levels and two not changing at all (Fig. 6B). Interestingly, those two rats that were
morphine insensitive (rats number 3 and 8) also had lower pre-operative threshold values,
determined just before surgery (PODO), than the morphine-responsive rats had at that time.
There was no correlation between the post-operative threshold, measured on POD13 just
before morphine administration, and the responsiveness to morphine.

Spatial resolution over the back skin of these threshold changes shows that all areas reached
maximum relief at the same time, 30 min, after morphine (Supplemental Fig. 1). The medial
ipsilateral region of the upper back, which is the area around the incision retraction, was
normalized to about the same threshold as the lateral region of the caudal, contralateral side.
Regression of relief occurred in parallel in all 12 test areas over the following 1-4 hrs
(Supplemental Fig. 1).

The morphine-induced reversal of tactile hypersensitivity was paralleled by a shift in the
Qualitative Hyperalgesia Profile. Eight rats that showed Grade |11 behavior at POD13 were
characterized for their response to i.p. morphine (Supplemental Fig. 2). At 30 min post-
morphine, the peak time of threshold reversal, only 25% of the rats remained at Grade lll;
about 40% showed Grade Il and the remaining ca. 40% showed Grades 0 and I, the same
distribution as seen in pre-operative rats (see Fig. 4). This distribution in the Qualitative
Hyperalgesic Profile gradually shifted back to the post-operative pattern over the next 3-4
hours, although the distribution had not been fully restored to its pre-morphine pattern at 4h,
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despite the complete return of the tactile threshold to pre-morphine level at that time
(Supplemental Fig. 2).

DISCUSSION

Comparison of experimental and clinical post-thoracotomy pain

The rat model used here simulates closely the surgical procedures common to many clinical
thoracotomies. We made no effort to avoid nerve damage, and this may be why we found
that about 70% of the operated rats developed mechano-hypersensitivity [49, 51, 52], not
unlike the incidence reported for humans [20, 21, 27, 28]. Since the intent here was to
establish a symptomatology like that in humans, for the testing of potential preventive or
treatment therapeutics, this high incidence is a desirably efficient feature. Rats showed an
un-abating hyperalgesic pattern for the 5 weeks over which we tested them, in agreement
with the 40 days of constantly low threshold reported earlier [49]. The model thus also has
the features of a chronic pain paradigm, although the behavior has not been followed for
longer than 2 months, the duration of pain that generally qualifies it as “chronic.”

There are also several salient differences between the model and the clinical findings. In the
rat, as reported previously [49], there is a delay of 3—4 days after surgery before
hypersensitivity is detected. By comparison, hypersensitivity after skin or skin muscle
incision in rats [7, 62, 63] appears within less than one hour, although that from skin-muscle
incision plusretraction takes 1-2 days [19]. Ligation of the intercostal nerves produced
hypersensitivity at least as early as post-operative day 1 [50]. The reasons for this delay of
several days in the onset of hyperalgesic responsiveness after thoracotomy is not known.

Post-thoracotomy pain and nerve injury

A substantial proportion of clinical post-thoracotomy pain has been characterized as
“neuropathic,” with both incident and resting pain present [22, 30, 64—66].
Neurophysiological investigations of these patients show conduction deficits [67, 68], often
including total conduction block [69], in the nerves at either margin of the incision/retraction
zone [40, 41, 68, 39]. These findings imply partial or total transection of the nerve, with the
subsequent hyperalgesia due to either denervation or to the formation of mechano-sensitive
neuromas in the mass of re-growing proximal axon endings [70]. Neuro-histological studies
in experimental models of thoracotomy reveal extensive myelinated nerve damage around
the wound area in allodynic rats, but absent in rats that did not develop allodynia [49],
although the clinical literature has contradictory correlations reported between nerve
conduction changes and post-thoracotomy pain [68, 69, 41].

The immunocytochemical results in the current paper show that both myelinated and non-
myelinated nerve fibers are injured in rats suffering hypersensitivity after thoracotomy. The
contribution of these different fiber types to the induced mechanosensitivity is not known,
but it is noteworthy that pre-operative treatment of intercostal nerves with resiniferatoxin,
which is known to selectivity inactivate the TRPV-1 expressing non-myelinated fibers, did
not prevent post-thoracotomy pain [52].

Intentional and accidental nerve injury, usually with accompanying inflammation, is known
to result in a high incidence of chronic pain [70-72]. In support of this, surgical procedures
adopted to minimize nerve injury during thoracotomy, for example by changing the way that
the ribs were sutured during closing, has markedly reduced the occurrence of chronic pain
[32-37]. Epidural nerve blocks have also been effective in preventing development of this
pain [24, 42], supporting the concept that an initial large afferent nociceptor discharge is
critical in sensitizing the central nervous system to a state that will maintain chronic pain,
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with some tonic input from the periphery required. In animal models, use of systemic local
anesthetic, present at the low concentrations that are known to blunt the ectopic discharges
characteristic of injured nerves [73, 74], reduces chronic post-thoracotomy pain [51].
However, it may be wrong to conclude that prolonged post-surgical pain is a consequence of
nerve injury per se [50]. Retraction of soft tissue, skin and muscle, that traps and stretches
the saphenous nerve leads to the development of tactile and cold allodynia in the ipsilateral
distal limb that persists for ~ 4 weeks, with evidence of no or very little neural damage at
the retraction site, or of activation of injury signaling factors, i.e., ATF-3, in the related
sensory ganglion [19]. So prolonged pain may occur without nerve injury, but nerve injury
almost certainly causes prolonged pain.

The Qualitative Hyperalgesic Profile

One goal of this work was to define behaviors in the rat that were direct indicators of
perceived pain. The withdrawal of distal extremities or the twitching of subcutaneous
muscles can be attributed to purely spinal processes and the afferent signals that produce
them may not reach the brain in a form that is perceived and has an affective component that
corresponds to human pain. We found a number of novel responses to the thoracotomy
procedure that were not present when intact, pre-operative rats were stimulated by these
same or much stronger tactile stimuli, yet did appear when the skin on that area of the back
was pinched forcefully with forceps. These behaviors were categorized into grades that
formed a population distribution, called the Qualitative Hyperalgesia Profile (QHP), in order
to characterize “pain-indicating” behaviors. That these signs were actually indicative of
“pain” was verified by treatment with systemic morphine, which transiently removed most
of the higher grades in the QHP in parallel with a transient reversal of mechano-
hypersensitivity. Therefore, we propose that this behavioral test is a valid indicator of
perceived pain, with both objective and subjective, affective components, after thoracotomy
and that it can be modified to provide a similar index for pain after other surgical
procedures.
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Baseline POD 5 POD 14

Fig. 1.

Map of tactile sensitivity on the rat’s back before and at 5, 14 and 36 days after thoracotomy
and rib retraction. The dashed line caudal to the right shoulder blade shows the location of
the incision-retraction. The color of each pixel, a 1cm X 1cm area, indicates the number of
rats, in the total of 8 that were operated on, that responded to the lightest von Frey filament
(VFH) at the indicated location. Grey tone: single responding rat; yellow to red: increasing
numbers of responders, from 2 to 8, respectively. Note how the most sensitive area shifts
from a more caudal and nearly bilaterally symmetric location in the pre-operative, baseline
animals to a location around the surgical site, and extending more laterally than before the
operation.
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A). The fraction of rats in a group (n=10) that received thoracotomy and retraction, that
showed any form of nocifensive response to probing with a 10g VFH. Note the delay in the
onset of increase in this “allodynic fraction”. B). The average threshold of force to cause a

nocifensive response falls from 15 gm (assigned to animals that did not respond to this
force, the maximum used, or did respond only to this force and none lower) to
approximately 4 gms, with 2 days delay before any detectable drop in threshold.
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Fig. 3.
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Anatomical distribution of mechanical thresholds for nocifensive responses on the back (A).
before and (B). 10 days after thoracotomy, when maximum hypersensitivity was reached;
n=8 (see Fig. 2). Note that the lowest thresholds before thoracotomy are on the lower back

(A) but after surgery they are on the upper back, near the incision (see Fig. 1). The

anatomical directions are opposite in A and B so that the bar heights are not obscured (after

Nara et al. [50]).
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ATF-3 ATF-3 ATF-3/

a

Naive control Rib-retraction e | Rib-retraction
Fig. 5.

(a, b) ATF-3 immunofluorescence in the T4 DRG of a naive control rat (a) and an allodynic
rat 10 days after rib-retraction (b). Scale, 50 um. (c) Double immunofluorescence of ATF-3
(red) and NF-200 (green) in the T4 DRG of an allodynic rat after rib-retraction. ATF-3 is
partially co-localized with NF-200. Large and small allows indicate double-labeled and
NF-200 singly-labeled neurons, respectively. Scale, 25 um a,b and 50 um for c.
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Fig. 6.

(A). Systemic morphine injected on post-operative day 13 raises the mechanical threshold
for nocifensive response back towards pre-operative levels. *P<0.05 compared to the pre-
operative level (repeated measures ANOVA) shows that the relief by morphine never
reaches the pre-operative, baseline condition. 8 P<0.05 for comparison on each respective
day, of morphine-treated rats with those treated with saline (One way ANOVA), shows that
morphine relieved hypersensitivity at 0.5, 1 and 2h after its injection. T P<0.05 compared to
the threshold at POD 13 (repeated measure ANOVA), just before morphine injection, shows
that relief is only significant for the 0.5 h after morphine. (B). Responses to morphine of
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threshold in individual rats in the group that is averaged in (Fig. 6A). (n=8 in both morphine
and saline groups).
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