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Nor-Binaltorphimine Blocks the Adverse Effects
of Morphine after Spinal Cord Injury
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Abstract

Opioids are frequently used for the treatment of pain following spinal cord injury (SCI). Unfortunately, we have shown
that morphine administered in the acute phase of SCI results in significant, adverse secondary consequences including
compromised locomotor and sensory recovery. Similarly, we showed that selective activation of the x-opioid receptor
(KOR), even at a dose 32-fold lower than morphine, is sufficient to attenuate recovery of locomotor function. In the
current study, we tested whether activation of the KOR is necessary to produce morphine’s adverse effects using nor-
Binaltorphimine (norBNI), a selective KOR antagonist. Rats received a moderate spinal contusion (T12) and 24 h later,
baseline locomotor function and nociceptive reactivity were assessed. Rats were then administered norBNI (0, 0.02, 0.08,
or 0.32 umol) followed by morphine (0 or 0.32 umol). Nociception was reassessed 30 min after drug treatment, and
recovery was evaluated for 21 days. The effects of norBNI on morphine-induced attenuation of recovery were dose
dependent. At higher doses, norBNI blocked the adverse effects of morphine on locomotor recovery, but analgesia was
also significantly decreased. Conversely, at low doses, analgesia was maintained, but the adverse effects on recovery
persisted. A moderate dose of norBNI, however, adequately protected against morphine’s adverse effects without elim-
inating its analgesic efficacy. This suggests that activation of the KOR system plays a significant role in the morphine-
induced attenuation of recovery. Our research suggests that morphine, and other opioid analgesics, may be contraindicated
for the SCI population. Blocking KOR activity may be a viable strategy for improving the safety of clinical opioid use.
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Introduction

ESPITE THE CLINICAL UTILITY OF OPIOIDS, our previous studies

have shown that morphine administered in the acute phase of
spinal cord injury (SCI) reduces recovery of locomotor function,
while increasing weight loss, tissue loss, mortality, and nociceptive
reactivity even weeks after treatment.'™ As opioids are currently
among the most effective analgesics for the treatment of pain in the
acute phase of SCI, it is essential that we identify the mechanisms
underlying these adverse side effects and improve the safety of
these medications.

Our data suggest that the detrimental effects of morphine may be
mediated by x-opioid receptors (KORs).® Although morphine is a
prototypical opioid agonist that binds with high affinity to the
u-opioid receptor (MOR), it also binds with lower affinity to the
J-opioid receptor (DOR) and KORs, as well as to non-classic
receptors, such as the toll-like receptors (TLRs).”® Using selective
agonists for each opioid receptor subtype, we found that only ad-
ministration of GR89696 (the KOR agonist) was sufficient to un-
dermine recovery after SCL® These data concur with previous
literature. For example, Faden and colleagues showed that dynor-

phin, the endogenous ligand of the KOR, and dynorphin-related
peptides induce paraplegia even when administered to the intact
spinal cord.”'® Prodynorphin mRNA expression and dynorphin
immunoreactivity are also significantly elevated in the spinal cord
following trauma, and correlate with injury severity and neuro-
logical dysfunction.''™'® Importantly, administration of intrathecal
dynorphin exacerbates functional deficits after SCI, whereas
treatment with dynorphin antiserum improves outcome after trau-
ma.'® These data suggest that the adverse effects of morphine
following SCI may be mediated by the KOR system.

There is controversy, however, regarding the opioid-receptor
mediated and non-opioid actions of dynorphin. Supporting a KOR-
mediated mechanism, administration of the highly selective KOR-
antagonist nor-Binaltorphimine (norBNI) limits the paralytic effects
of dynorphin,'® and has been shown to improve functional outcomes
in rodent models of spinal '®!” and brain'® injury. Conversely, al-
though showing decreased potency, administration of Dyn A-(2—
17), a prodynorphin product inactive at opioid receptors, replicates
dynorphin’s adverse effects on locomotor function.'® It has been
posited that these pathophysiological effects may result from
N-methyl-D-aspartate (NMDA)-mediated excitotoxicity. NMDA
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antagonists limit dynorphin-induced behavioral effects.'*' More-
over, dynorphin administration increases extracellular levels of
excitatory amino acids, including glutamate and aspartate, through a
non-opioid mechanism.?> These data suggest that whereas KOR
activation may contribute to decreased locomotor function after
SCI, endogenous and exogenous opioids may also engage alterna-
tive mechanisms that compromise recovery from SCI.

The current study focused on the role of KORs in the morphine-
induced attenuation of function after SCI. In the rodent model of SCI,
we challenged morphine with norBNI pretreatment and monitored
recovery for 21 days. We found that the effects of norBNI pretreat-
ment were dose dependent. At higher doses, norBNI blocked the
morphine-induced attenuation of recovery; however, the analgesic
efficacy of morphine was also significantly decreased. Conversely,
at low doses, analgesia was maintained, but the adverse effects of
morphine on recovery persisted. A moderate dose of norBNI pro-
tected against morphine’s effects without eliminating analgesic ef-
ficacy. These results suggest that blocking KOR activity may be a
viable strategy for improving the safety of clinical opioid use.

Methods
Subjects

The subjects were male Sprague—Dawley rats (n=100) obtained
from Harlan (Houston, TX). They were ~90-110 days old (300-
350g) and were individually housed in Plexiglas bins (45.7
[length] x23.5 [width] x20.3 [height] cm) with food and water
continuously available. Following surgery, the rats were manually
expressed in the morning (7:00-8:30 a.m.) and in the evening
(4:30-6:00 p.m.) until they regained full bladder control (opera-
tionally defined as three consecutive days with an empty bladder
at the time of expression). The rats were weighed daily, and
checked for signs of autophagia and spastic hypertonia. A rat was
classified as having spastic hypertonia if the limb was in an ex-
tended, fixed position and was resistant to movement. The rats were
maintained on a 12 h light/dark cycle, and all behavioral testing was
conducted during the light cycle. All of the experiments reported
here were reviewed and approved by the Institutional Animal Care
Committee at Texas A&M University and all National Institutes of
Health (NIH) guidelines for the care and use of animal subjects
were followed.

Surgery

Rats received a moderate contusion injury using the Infinite
Horizon (IH) spinal cord impactor (PSI, Fairfax Station, VA).
Briefly, rats were anesthetized with isoflurane (5%, gas), and after a
stable level of anesthesia was reached, the concentration of iso-
flurane was lowered to 2-3%. The rat’s back was shaved and dis-
infected with iodine, and a 5.0 cm incision was made over the spinal
cord. Two incisions were made along the vertebral column, on each
side of the dorsal spinous processes, extending ~ 2 cm rostral and
caudal to the T12 segment. Muscle and connective tissue were then
dissected to expose the underlying vertebral segments. Musculature
around the transverse processes was cleared to allow for clamping
of the vertebral spinal column. Next, the dorsal spinous process at
T12 was removed (laminectomy), and the spinal tissue exposed
(~L1-L3). The dura remained intact. The vertebral column was
fixed within the IH device using two pairs of Adson forceps. A
moderate injury was produced using an impact force of 150 kdyn and
a 1 sec dwell time. After injury, a 15 cm long polyethylene (PE-10)
cannula, fitted with a stainless steel guiding wire (P01008, Ernie Ball
Inc., Coachella, CA), was threaded 2 cm under the vertebrae im-
mediately caudal to the injury site. The tubing was inserted into the
subarachnoid space. To prevent cannula movement, the exposed
end of the tubing was secured to the vertebrae rostral to the injury
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using tissue adhesive (3M Vetbond Tissue Adhesive, 3M Animal
Care Products, St Paul, MN). The wire was then pulled from the
tubing and the wound was closed using Michel clips. To help
prevent infection, rats were treated with 100 000 U/kg Pfizerpen
(penicillin G potassium) immediately after surgery and again
2 days later. For the first 24 h after surgery, rats were placed in a
recovery room maintained at 26.6°C. To compensate for fluid loss,
rats were given 3mL of saline after surgery. Michel clips were
removed 14 days after surgery.

Drug administration

Drug administration took place on the day after surgery, fol-
lowing baseline tests of locomotion and thermal reactivity. Base-
line Basso, Beattie, and Bresnahan (BBB) scores were balanced
across all groups. Drugs were administered via an intrathecal route.
First, rats were given a single dose of norBNI (Tocris Bioscience,
Bristol, UK) dissolved in distilled water (doses ranged from O to
0.32 umol). Two hours following pretreatment with norBNI, rats
were administered 0 or 0.32 umol of morphine (morphine sulfate
was generously donated by the National Institute on Drug Abuse
[NIDA] Drug Supply Program) also dissolved in distilled water.
The 2h waiting period between norBNI and morphine adminis-
tration was chosen to account for the slow-onset of norBNI an-
tagonistic action at the KOR, which reaches a plateau at 2h
in vivo.? Filtered saline (0.9%) was used as the vehicle control, and
to flush catheters following the injection of a drug.

Assessments of sensory reactivity

To assess morphine’s efficacy, the tail-flick test>*~° of thermal

reactivity was used immediately before norBNI pretreatment, and
30min after morphine administration. Rats were placed in re-
straining tubes and allowed to acclimate to the tail-flick apparatus
(IITC Life Science Inc., Woodland Hills, CA) and testing room
(maintained at 26.5°C) for 15 min. Prior to testing, the temperature
of the light, focused on the tail, was set to elicit a baseline tail-flick
response in approximately 4 sec in an intact rat. This preset tem-
perature was then maintained across all rats. During testing, the
latency to flick the tail away from the radiant heat source (light) was
recorded. If a rat failed to respond, the test trial was automatically
terminated after 8 sec of heat exposure. Two tests occurred at 2 min
intervals, and the last tail-flick latency was recorded.

To evaluate the long-term recovery of sensory function, reac-
tivity thresholds were also assessed after day 21 post-injury.
Thermal reactivity was evaluated using the tail-flick test, as de-
scribed. Mechanical reactivity was tested by applying von Frey
filaments (Semmes-Weinstein Anesthesiometer, Stoelting Co.,
Chicago, IL) to the plantar surface of the hindpaws, in a manner
previously described by others.”>~’ Briefly, stimuli were presented
every 2 sec until rats exhibited a motor (hindpaw withdrawal) and
vocal response. The intensity of the stimuli that produced a re-
sponse was reported using the formula provided by Semmes-
Weinstein: Intensity =log10 (10,000 x g force). If one or both
responses (motor and vocal) were not observed, testing was termi-
nated at a force of 300 g. Each rat was tested twice on each hindpaw
in a counterbalanced ABBA order (A =left paw, B =right paw).

Tactile reactivity was also assessed at the level of injury using
the girdle test.”® For this test, the girdle region was shaved and a
grid map of the girdle zone for allodynic responding was made on
the rats using an indelible marker (44 squares). To ensure that the
rats remained calm for testing, they were handled for 5 min im-
mediately prior to beginning the girdle test. A von Frey filament
with bending force of 204.14 mN (26 g force) was then applied to
each point on the grid, and vocalization responses were recorded
and mapped onto a grid map of that rat. Because rats do not nor-
mally vocalize to this stimulus, a vocalization response indicated
that a noxious stimulus was experienced. In mapping the area of
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response, the number of vocalizations were recorded (Nv) and
normalized by the following formula: (Nvx 100)/total number of
applications (44), indicating the percent vocalizations out of the
total number of applications.

Locomotor recovery

Locomotor behavior was assessed for 21 days gost—injury, using
the Basso, Beattie and Bresnahan (BBB) scale?®? in an open en-
closure (a blue children’s wading pool, 99 cm in diameter, 23 cm
deep). Baseline motor function was assessed on the day following
injury and prior to drug treatment. Locomotor behavior was then
scored once per day for 1 week (days 2—-7). Rats were scored every
other day from day 9 to day 15 and every 3rd day on days 18 and 21.
Because rodents often remain motionless (freeze) when first in-
troduced to a new apparatus, rats were acclimated to the observa-
tion fields for 5 min per day for 3 days prior to surgery. Each rat was
placed in the open field and observed for 4 min. Care was taken to
ensure that all investigators’ scoring behavior had high intra- and
interobserver reliability (all 7s >0.89) and that they were blind to
experimental conditions.

Additional measures of motor recovery were obtained at the end
of the 21 day recovery period using tapered beam and ladder walk
tasks.?® Prior to testing, rats were habituated to the experimental
context for 3 days (8 min per day). During this period of familiar-
ization, they were trained to traverse a wide beam (48.3 cm) and
enter a black box positioned at the end of the beam runway. The
beginning of the runway was brightly lit, motivating rats to move
toward the dark box. They were left in the box for 2 min after they
had traversed the beam. Rats were then tested on the tapered beam
and ladder. The beam walk test*®*" provides a comparative index
of the postural stability of the rats, as well as a gross measure of paw
placement abilities. The ledged, tapered beam was 17.15 cm wide
at the start, and 0.95 cm wide at the end. We recorded the width at
which each hindpaw failed to plantar place on the beam. The av-
erage width across the two legs was used as an index of beam walk
performance. The ladder task®®*? provides a measure of the extent
to which experimental manipulations affect the fine motor abilities
of the hindpaws. The rats were required to cross a horizontal ladder
(20 cm wide; 37 rungs at 2.5 cm spacing) in order to reach the black
box. Using post-hoc frame-by-frame video analyses, we then re-
corded how many times the rats did not successfully place their
hindpaws (their paws slipped between the rungs). Each hindpaw
was scored according to the number of errors made, with lower
scores indicating better ladder walk performance (a maximum of 11
errors was recorded if no plantar placement was observed per
hindpaw).

Histology

At the end of behavioral testing, rats were deeply anesthetized
(100 mg/kg of Beuthanasia, i.p.) and perfused intracardially with
4% paraformaldehyde. A 1cm long segment of the spinal cord,
which included the lesion center, was taken and prepared for
cryostat sectioning. The tissue was sectioned coronally (20 um) and
every 10th slice was preserved for staining. All sections were
stained with cresyl violet for Nissl substance and Luxol fast blue for
myelin. *~*

The total cross-sectional area of the cord and spared tissue was
assessed at the lesion center using Neurolucida software (MFB
Bioscience, Williston, VT). Sections +600, 1200, 1800, and
2400 um from the lesion center (rostral and caudal) were also traced
and analyzed. Four indices of lesion magnitude were derived: le-
sion, residual gray matter, residual white matter, and width. To
determine the area of lesion, an observer who was blind to the
experimental treatments traced around the boundaries of cystic
formations and areas of dense gliosis.® Nissl-stained areas that
contained neurons and glia of approximately normal densities
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denoted residual gray matter. White matter was judged spared in
myelin-stained areas lacking dense gliosis and swollen fibers. The
total area of each cross-section was derived by summing the areas
of damage, and gray and white matter. Width was determined from
the most lateral points across the transverse plane. These analyses
yielded six parameters for each section: white matter area, gray
matter area, spared tissue (white + gray), damaged tissue area, net
area (white + gray + damage), and section width.

To control for variability in section area across rats, we applied a
correction factor derived from standard undamaged cord sections
taken from age-matched controls. This correction factor is based on
section widths and is multiplied by all area measurements to
standardize area across analyses.’® By standardizing area across
sections we were able to estimate the degree to which tissue is
“missing” (i.e., tissue loss from atrophy, necrosis, or apoptosis).
An accurate assessment of the degree to which a treatment has
impacted, or lesioned, the cord includes both the remaining
‘‘damaged’’ tissue as well as resolved lesioned areas. When we
sum the amount of ‘‘missing’’ tissue and the measured ‘‘damaged’’
area, we can derive an index of the relative lesion (% relative
lesion) in each section that is comparable across sections. We can
also compute the relative percent of gray and white matter re-
maining in each section, relative to intact controls. These measures
are highly correlated with various measures of behavioral perfor-
mance including BBB locomotor scores and recovery of bladder
function.*®

Statistical analysis

In this experiment, four norBNI doses were tested (0, 0.02, 0.08,
and 0.32 pumol). For each dose, half of the rats were subsequently
treated with morphine and the other half with vehicle. This 4 x2
experimental design (eight groups) used a total of 100 rats (n=12
for doses 0.02, 0.08, 0.32 umol norBNI with or without morphine;
n =14 for dose 0 umol norBNI with or without morphine).

The results were analyzed using a two factor analysis of variance
(ANOVA). When main effects were found to be significant, the
Bonferroni test was used for post-hoc analyses. Planned compari-
sons were also included in our assessment of the data, as we an-
ticipated dose-dependent effects of norBNI on morphine’s efficacy,
even in the absence of overall main effects. This allowed for
independent comparisons between morphine and vehicle-treated
groups at each dose of norBNI. Lastly, in experiments with a
continuous independent variable (e.g., recovery of locomotor
function across days and histology), mixed-design ANOVAs were
used.

Locomotor scores using the BBB scale were transformed, as
described by Ferguson and coworkers,*® to help assure that the data
were amendable to parametric analyses. Briefly, this transforma-
tion removes a discontinuity in the scale, which justifies the use of
parametric statistical analyses, and increases statistical power.
Additional statistical power was also achieved by obtaining a
measure of locomotor performance 24 h after injury, prior to
norBNI or morphine treatment. By using day 1 as a covariate in an
analysis of covariance (ANCOVA), we substantially reduced un-
explained variance and thereby increased statistical power.

Statement of ethics

We certify that all applicable institutional and governmental
regulations concerning the ethical use of animals were followed
during the course of this research.

Results
Analgesic efficacy

Sensory function was evaluated using the tail-flick test to es-
tablish baseline thermal reactivity thresholds. Prior to treatment,
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tail-flick scores (= S.E.M.) on day 1 were as follows: for rats treated
with vehicle, 4.27 £0.16 sec for the O umol dose, 4.31 +0.20 sec for
the 0.02 umol dose, 4.05+0.24 sec for the 0.08 umol dose, and
4.2710.09 sec for the 0.32 umol dose; for rats treated with mor-
phine, 3.79+0.21 sec for the 0 umol dose, 4.27+0.21 sec for the
0.02 umol dose, 4.39%+0.17sec for the 0.08 umol dose, and
4.2910.18 sec for the 0.32 umol dose. Statistical analyses showed
that there were no significant differences among the groups at this
time point (F [7, 91]=1.04, p>0.05; data not shown). A two factor
ANOVA on post-treatment scores (30 min after morphine admin-
istration), however, revealed significant main effects of mor-
phine (F [1, 91]1=193.97, p<0.05) and norBNI treatment (F [3,
91]=5.52, p<0.05), and a significant interaction (¥ [3, 91]=6.57,
p <0.05) on tail-flick latency. As shown in Figure 1, all groups that
received morphine had increased tail-flick latencies relative to
controls. NorBNI, however, decreased the analgesic effects of
morphine, with a significant linear reduction in efficacy across
increasing doses (F [1, 46]=21.03, p<0.05). Whereas rats that
received morphine alone displayed maximal latencies (the test was
automatically terminated at 8 sec to prevent tissue injury), those
pretreated with the highest dose of norBNI (0.32 umol) had a mean
tail-flick latency of 5.83 £0.40 sec.

Recovery of locomotor function

In addition to the effects on analgesia, we wanted to assess
whether KOR activation was necessary to produce the morphine-
induced attenuation of locomotor recovery.'™ To address this,
norBNI was administered as an adjuvant to morphine treatment
24 h following SCI, and locomotor recovery was monitored for a
21 day period. Locomotor scores collected before treatment on
day 1 did not differ significantly across groups (F [7, 92]=0.01,
p>0.05). Mean converted BBB scores (= S.E.M.) on day 1 ranged
from 1.612+0.26 to 1.8810.33. A mixed design ANCOVA using
day 1 scores as a covariate did not find significant main effects of
morphine (F [1, 91]=1.85, p<0.05) or norBNI treatment (¥ [3,
91]=1.83, p>0.05). An interaction approached, but did not reach,
significance (F' [3, 91]=2.30, p=0.083). However, as shown in
Figure 2A, planned comparisons revealed that control rats (0 umol
of norBNI) treated with morphine showed significantly reduced
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FIG. 1. The analgesic efficacy of morphine challenged with nor-

Binaltorphimine (norBNI) pretreatment is depicted for the test of
thermal reactivity. All groups that received morphine had signif-
icantly increased tail-flick latencies relative to vehicle-treated
controls. However, morphine’s analgesic effects decreased with
increasing doses of norBNI. Results shown as mean+SEM.
*p <0.05 for post-hoc tests; # p<0.05 for planned comparisons.
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locomotor recovery when compared with their vehicle-treated
counterparts (F [1, 25]=4.96, p <0.05), replicating our previous
studies.”* Morphine and vehicle groups also differed significantly
at the lowest dose (0.02 umol) (Figure 2B) of norBNI (F [1, 21]=
5.78, p<0.05). In contrast, there were no differences between
morphine- and vehicle-treated rats at the 0.08 umol (¥ [1,21]=0.46,
p>0.05) or 0.32 umol (F [1, 21]=0.17, p>0.05) doses of norBNI
(Fig. 2C and D, respectively). This suggests that, although mor-
phine and vehicle groups recovered equally when higher doses
(0.08 and 0.32 umol) of norBNI were used, lower doses of norBNI
were not able to block the morphine-induced attenuation of loco-
motor recovery.

Motor recovery was further evaluated at the end of the 21 day
recovery period using the tapered beam and ladder walk tests. Al-
though we observed that morphine-treated rats at the higher doses of
norBNI showed better performance on the tapered beam test than
those receiving the lower doses (Fig. 3A), statistical analysis did not
confirm significant main effects of norBNI (¥'[3,92]=1.17,p>0.05)
or morphine (F [1, 92]=1.62, p>0.05) treatment, and no interaction
(F[3,92]=1.31, p>0.05). In the ladder walk test (Fig. 3B), we found
a significant main effect of norBNI (F [3, 92]=3.39, p <0.05). Post-
hoc analysis showed that rats in the 0.08 umol dose performed better
than rats not treated with norBNI. However, we did not find an effect
of morphine treatment (F [1, 92]=0.60, p>0.05) or a significant
interaction (F [3, 92]=1.11, p>0.05).

Recovery of sensory function

Long-term effects on sensory function were assessed at the
end of the 21 day recovery period using the tail-flick, von Frey, and
girdle tests. In the tail-flick test, mean latencies (+ S.E.M.) ranged
from 3.41£0.26 to 4.68+0.26 sec. Although we did not find an
effect of morphine (F [1, 92]=0.95, p>0.05) or an interaction (F
[3, 92]=2.05, p>0.05), statistical analyses revealed a significant
main effect of norBNI treatment (F [3, 91]=2.95, p<0.05) on
thermal reactivity after day 21. As shown in Figure 4A, norBNI
improved tail-flick latency. In effect, post-hoc tests showed that rats
treated with the highest dose of norBNI (0.32 umol) had signifi-
cantly higher reactivity thresholds than those that did not receive
norBNI treatment (0.00 umol).

Mechanical reactivity of the hindpaws tested at the end of the
recovery period appeared to decrease with higher doses of norBNI.
A two factor ANOVA on motor thresholds (Fig. 4C) uncovered
significant main effects of morphine (£ [1, 91]1=14.82, p<0.05)
and norBNI (F [3, 91]=8.58, p<0.05), but an interaction only
approached significance (F [3, 91]=2.47, p=0.067). Across
norBNI groups, rats treated with higher doses of norBNI showed
increased mechanical thresholds. Rats that did not receive norBNI
showed the most reactivity to tactile stimulation, and significantly
differed from those in the 0.02 ymol and 0.32 ymol groups. On the
other hand, rats treated with the highest dose of norBNI (0.32 ymol)
showed the least reactivity in this test. Surprisingly, overall,
vehicle-treated rats had significantly lower motor thresholds than
morphine-treated animals (p <0.05). Similarly, a significant main
effect of morphine treatment on vocal thresholds (Fig. 4D) to
von Frey stimulation (F [1, 91]=6.10, p<0.05) supported the ob-
servation that vehicle-treated rats exhibited more symptoms of
mechanical hyperalgesia in the long term. An effect of norBNI
treatment approached but did not reach significance (F [3, 92]=
2.55, p=0.06), and no interaction was observed (F [3, 92]=0.88,
p>0.05). Together, the motor and vocal responses obtained in the
von Frey test of mechanical reactivity suggest that morphine
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FIG. 2. Nor-Binaltorphimine (norBNI) pretreatment blocked the adverse effects of morphine on long-term recovery of locomotor
function. Morphine undermined recovery of locomotor function in the absence of norBNI (A) and at a dose of 0.02 umol norBNI (B).
Pretreatment with 0.08 (C) or 0.32 (D) pumol norBNI, however, prevented the morphine-induced attenuation of locomotor recovery.
Results shown as mean+ SEM. # p<0.05 for planned comparisons.

treatment in combination with norBNI may reduce pain and prevent
the development of allodynia following SCI.

Lastly, in the girdle test of at-level allodynia, we did not find
main effects of norBNI (F [3, 92]=2.48, p>0.05) or morphine (F
[1,92]=2.15, p>0.05), but there was a significant interaction be-
tween the two treatments (F [3, 91]=4.37, p <0.05). As depicted in
Figure 4B, vocal responses to at-level stimulation decreased with
escalating norBNI doses for morphine-treated rats. On the other
hand, higher doses of norBNI appeared to exacerbate allodynia in
vehicle-treated controls, shown by a steady increase in vocaliza-
tion. At the highest dose tested (0.32 umol), vehicle-treated rats
vocalized ~24% of the time, compared with 3% of morphine-
treated rats.

Assessment of general health

During the recovery period, weight was also monitored as an
index of general health. To control for the variability observed in
starting weight within each group, a difference score was calculated
by subtracting the starting weight (weight at the day of surgery) from
daily weight across recovery. All rats lost the most weight the first
week post-SCI, and then slowly regained weight over the subsequent

weeks. Mean weight loss across recovery (Fig. 5) for rats treated with
vehicle was 27.53 +3.78 g for the 0.00 umol dose, 25.37+£3.49 g for
the 0.02 umol dose, 28.92+3.97¢ for the 0.08 umol dose, and
25.42+4.20¢g for the 0.32 umol dose. For morphine-treated rats,
mean weight loss was as follows, 34.17+3.32 g for the 0.00 umol
dose, 22.95+4.00 g for the 0.02 umol dose, 28.07£3.96 g for the
0.08 umol dose, and 28.02+4.57 g for the 0.32 umol dose. Statistical
analyses showed that there were no effects of norBNI (F [3,
89]=2.46, p>0.05) or morphine (F [1, 89]=0.29, p>0.05) admin-
istration, and no interaction between the two (F [3, 89]=1.15,
p>0.05). Overall, no differences on weight change across recovery
were observed between the groups.

We had very few instances of mortality, autophagia, and spas-
ticity overall. In the entire experiment, only one rat had to be re-
placed because of death (treated with 0.02 yumol norBNI and
morphine). Three rats exhibited mild autophagia, which resolved
rapidly with treatment and did not require removal from the study
(all were in the 0.02 umol group; one treated with vehicle, and two
with morphine). Lastly, four rats developed spastic hypertonia
during the recovery period (two in the 0.08 umol group, and one
each in the 0 and 0.02 umol groups, and all received morphine). No
other complications were observed.
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FIG. 3. Nor-Binaltorphimine (norBNI) improved motor perfor-
mance on the ladder walk test conducted 21 days after injury.
Although there were no significant effects of morphine or norBNI
on the tapered beam test (A), norBNI significantly improved
performance on the ladder walk test (B). Results shown as
mean+ SEM. *p <0.05 for post-hoc tests.

Histological analyses

To assess whether the effects of the high doses of norBNI on
locomotor function were the result of increased neuroprotection,
we assessed the amount of tissue sparing in the spinal cord at the
end of the recovery period. Spinal tissue was subdivided into rostral
(2400-600 pm), center (0 um), and caudal (-600 to —2400 um)
segments. Four measures were analyzed: relative lesion size
(damage + missing tissue), tissue damage, residual gray matter, and
residual white matter.

There were no significant main effects of norBNI or morphine
treatment on relative lesion size across the extent of the spinal cord
(Fig. 6A). Planned comparisons, however, revealed a significant
difference between vehicle and morphine-treated rats without
norBNI pretreatment at the center of the lesion (p<0.05).
Morphine-treated rats had increased damage at the injury center,
with a mean lesion size (¥ S.E.M.) of 3.12+0.26 mm” compared
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with 2.39+0.23 mm? for vehicle controls. Similarly, no main ef-
fects on damage were observed, although rostral to the injury,
planned comparisons showed that a difference between vehicle and
morphine rats at the 0 umol dose of norBNI approached signifi-
cance (p=0.066) (Fig. 6B).

None of the groups differed on the percentage of residual gray
matter at any level of the spinal cord (Fig. 6C). However, for re-
sidual white matter, the treatment groups showed extensive differ-
ences in the center and rostral segments (Fig. 6D). We found a
significant main effect of morphine treatment at the center of the
lesion (F [1, 56]=3.94, p<0.05), with morphine-treated rats
showing less residual white matter than their vehicle-treated coun-
terparts, irrespective of norBNI. Planned comparisons also uncov-
ered a significant difference between vehicle and morphine controls
(0 umol norBNI) at this level (2.48 +0.12 mm? and 1.86+0.12 mm?
respectively). Rostral to the injury site, the effects on residual white
matter appeared to be the result of a significant interaction between
norBNI and morphine treatment (F [3, 56]=3.75, p <0.05). At the
lower doses of norBNI (0 and 0.02 umol), morphine-treated rats lost
more white matter than vehicle-treated rats, and these differences
reached statistical significance (p < 0.05). At the 0 umol dose, re-
sidual white matter was 3.39 +0.10 mm? for the vehicle group, and
3.02+0.21 mm? for the morphine group. At 0.02 ymol, residual
white matter was 3.21 +0.20 mm? for vehicle, and 2.84+£0.25 mm?>
for morphine. Lastly, at the 0.08 umol dose, a difference between
morphine and vehicle groups approached, but did not reach signif-
icance (p=0.073), and no differences were found at 0.32 umol dose
(p=0.98).

Discussion

The results of the current study suggest that the KOR plays a
critical role in the morphine-induced attenuation of locomotor re-
covery after SCI. In the absence of norBNI, morphine-treated rats
showed decreased locomotor recovery relative to vehicle-treated
controls, replicating our previous studies.>* Moderate to high doses
of norBNI (0.08 and 0.32 umol respectively), however, blocked the
effects of morphine on locomotor recovery. Importantly, at these
doses, morphine administration still produced significant analgesia.
A KOR antagonist may be a viable clinical adjuvant to morphine.

A KOR antagonist may prevent the morphine-induced attenua-
tion of locomotor recovery by reducing the extent of cell death at
the site of injury. Our histological analyses showed that higher
doses of norBNI increased the amount of residual white matter at
the center of, and rostral to, the injury site. Although our previous
work implicated activation of the KOR in reduced gray matter
sparing at the lesion center,® others have suggested that supporting
cells may also be vulnerable to the effects of KOR activation fol-
lowing SCI*>” For example, Adjan and coworkers measured
caspase-3 activity at the injury site in wild-type and prodynorphin
knockout mice following an experimental spinal contusion.>’ They
found that not only was caspase-3 significantly decreased in tissue
homogenates from prodynorphin knockout mice, but also that as-
trocytes and oligodendrocytes in these subjects expressed signifi-
cantly lower levels of active caspase-3 hours after injury.
Commensurate with our histological findings, these results suggest
that norBNI may provide beneficial effects following SCI by pro-
tecting glia from the synergistic effects of endogenous (dynorphin)
and exogenous (morphine) KOR activation.

Aside from directly engaging apoptotic mechanisms following
SCIL KOR signaling may also contribute to secondary injury through
aberrant glial activation. A role for the KOR in glial activation and
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FIG. 4. There were significant effects of nor-Binaltorphimine (norBNI) pretreatment on the long-term recovery of sensory function.
At the end of the 21 day recovery period, there was a significant main effect of norBNI on thermal reactivity (A). NorBNI decreased
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proliferation following trauma is supported by evidence from other
injury models. Following partial sciatic nerve ligation, KOR im-
munoreactivity is significantly increased in dorsal horn GAB Aergic
20- NorBNI dose (umol) = Saline neurons and astrocytes, ipsilateral and contralateral to the injury.>®

_ mm Morphine ;rsrlfsstagtly, KOR acti}/a'tion appears to play a direct role in the
ytic response to injury. As reported by Xu and coworkers,

; 0.00 0.02 0.08 0.32 mice with a dynorphin knockout, a KOR knockout, or pretreated
E‘ 01 with norBNI, lacked the marked increase in glial fibrillary acidic
8 10+ protein (GFAP) immunoreactivity observed 1 week post-nerve in-
3 jury in wild-type controls. In vitro, cultured astrocytes treated with
'g.l -204 the KOR agonist U50,488 showed a significantly increased prolif-
] eration rate, and this effect was blocked by norBNL* Glial prolif-
= -30- eration is also characteristic of SCI. Microglia and astrocytes are
40 among the many supporting cells that become activated in response

to injury.40 These cells release a variety of toxic factors, including
FIG. 5. Weight loss was unaffected by morphine or nor- pro-inflammatory cytokines, which have been implicated in sec-
Binaltorphimine (norBNI) treatment. Results shown as mean+ ondary injury. In our model, norBNI pretreatment may block the
SEM. overproduction of neurotoxic factors by preventing KOR-mediated
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glial activation and proliferation, countering the adverse conse-
quences of morphine treatment after SCL

Similarly, by inhibiting aberrant glial activation, norBNI may
also block the development of pathological pain following SCL*'—*
In the current study, treatment with norBNI decreased signs of pain
in the chronic phase of injury. Assessed at the end of the 21 day
recovery period, rats treated with the highest dose of norBNI
(0.32 umol) showed significantly higher thresholds than controls
(0 pmol norBNI) in tests of thermal and tactile (hindpaw) reactivity.
NorBNI may prevent the development of pain by blocking down-
stream targets of the KOR. Evidence suggests that the KOR can
activate mitogen-activated protein kinases (MAPKSs) in a variety of
cells, including neurons and astrocytes, via an arrestin-mediated
mechanism.*****> Specifically, the KOR has been shown to activate
p38 MAPK,*** a pathway that is usually engaged in response to
physical and chemical stresses, and which plays a critical role in

normal immune function and the inflammatory response.*® Im-
portantly, p38 MAPK modulates neuronal apoptosis following
SCI*" and elevated levels of spinal p38 have been strongly impli-
cated in the generation and maintenance of neuropathic pain in
models of nerve and spinal cord injury.**=>! Evidence suggests that
these neurotoxic and hyperalgesic effects may result from p38-
mediated glial activation and inflammation.® Treatment with p38
inhibitors prevents glial proliferation in the spinal cord and de-
creases the expression of neuropathic pain symptoms after inju-
1y 32484951 NorBNI may decrease KOR-mediated p38 signaling,
preventing aberrant glial activation. As morphine administration
also results in increased expression of many pro-inflammatory cy-
tokines, including interleukin (IL)-14 and IL-6,>>*-3¢ using norBNI
as an adjuvant may also reduce the development of paradoxical pain
observed with prolonged morphine administration.>*” Although
not tested here, reducing glial proliferation and cytokine secretion
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by blocking KOR/p38 activation may be a viable therapy for SCI-
related pain, and should be further investigated.

Surprisingly, in this study, norBNI had differential effects on at-
level pain that depended on morphine treatment. In the girdle test,
norBNI appeared to decrease allodynia in morphine-treated rats.
The opposite was observed with vehicle-treated controls, which
showed increased vocalization to at-level stimulation with esca-
lating doses of norBNI. This may reflect maladaptive alterations in
spinal circuitry, resulting from the inadequate mitigation of noci-
ceptive transmission caused by reduced opioid activity. Spinal
KORs significantly contribute to endogenous and exogenous pain
modulation. For example, we have previously shown that the an-
algesic efficacy of the selective KOR agonist GR89696 is com-
mensurate with DAMGO and morphine in tests of thermal and
mechanical reactivity following SCL® Further, in the absence of mu
opioid receptors, intrathecal administration of morphine produces
analgesia by acting through spinal KORs.’® The contribution of
KORs to the analgesic effect of morphine is further supported by
the significant decrease in tail-flick latency that we observed with
increasing doses of norBNI in the current study (Fig. 1). In our SCI
rats treated with morphine, MOR and DOR activation may have
compensated for the effects of norBNI. However, in vehicle con-
trols, no additional mechanism was employed to counteract the loss
of endogenous KOR antinociception. Thus, unchecked neuronal
excitability in the acute phase of SCI may have contributed to at-
level central sensitization and the development of chronic pain.
Experimental evidence suggests that noxious stimulation under-
mines the plasticity of the spinal cord, and impairs sensorimotor
recovery following SCL>>°-®' Clinically, preemptive analgesia
has also been used in an effort to prevent the establishment of
central sensitization and postoperative pathological pain,>** al-
though the effectiveness of this strategy remains controversial.

Conclusion

In sum, our results suggest that the KOR significantly contrib-
utes to morphine’s analgesic efficacy. However, the KOR also
appears to play an important role in the mechanisms leading to the
adverse effects of morphine administration following SCI. We
hypothesize that these effects are the result of an opioid-induced
exacerbation of the inflammatory response intrinsic to SCI. In vitro
and in vivo evidence suggests that opioid administration results in
the activation of glial cells and the release of pro-inflammatory
cytokines.”*~>%6%% Although non-classic opioid receptor signaling
has been implicated in these opioid-immune interactions,®®’ our
findings point to a previously overlooked role of KOR. Although
not tested in this study, we posit that morphine’s adverse effects
may result from activation of KORs on glial cells.*®**4+%% The
synergistic effects of non-classic opioid receptor activation and
KOR-mediated gliopathy could explain the decreased locomotor
recovery, increased nociceptive reactivity, and decreased tissue
sparing observed in our rodent model when morphine is adminis-
tered following SCI.>* These results underscore the need for further
studies targeting the cell-specific effects of opioid administration,
and other medications, following SCI. Overall, however, these data
suggest that KOR antagonists may be viable adjuvants to morphine,
reducing the adverse long-term consequences of opioid adminis-
tration in the acute phase of SCI.
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