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Abstract

Opioid analgesics are among the most effective agents for treatment of moderate to severe pain. However, the
use of morphine after a spinal cord injury (SCI) can potentiate the development of paradoxical pain symptoms,
and continuous administration can lead to dependence, tolerance, and addiction. Although some studies suggest
that the addictive potential of morphine decreases when it is used to treat neuropathic pain, this has not been
studied in a SCI model. Accordingly, the present studies investigated the addictive potential of morphine in a
rodent model of SCI using conditioned place preference (CPP) and intravenous self-administration paradigms. A
contusion injury significantly increased the expression of a CPP relative to sham and intact controls in the acute
phase of injury. However, contused animals self-administered significantly less morphine than sham and intact
controls, but this was dose-dependent; at a high concentration, injured rats exhibited an increase in drug-
reinforced responses over time. Exposure to a high concentration of morphine impeded weight gain and loco-
motor recovery. We suggest that the increased preference observed in injured rats reflects a motivational effect
linked in part to the drug’s anti-nociceptive effect. Further, although injured rats exhibited a suppression of
opiate self-administration, when given access to a high concentration, addictive-like behavior emerged and was

associated with poor recovery.
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Introduction

MODERATE TO SEVERE PAIN, including neuropathic pain,
is one of the most significant consequences of spinal
cord injury (SCI), and is one of the primary symptoms that
patients would like to have effectively treated (Anderson,
2004; Backonja and Stacey, 2004). Approximately 65% of in-
dividuals with SCI experience severe or excruciating pain
(Budh and Lundeberg, 2005; Perry et al., 2009; Siddall et al.,
2003). Unfortunately, typical pain relievers are often ineffec-
tive in treating this pain, and the pain tends to get worse with
time rather than better (Budh and Lundeberg, 2005; Katz and
Barkin, 2008; Zhao et al., 2004). Moreover, it has been dem-
onstrated in both animal models and human studies that
administration of analgesics such as morphine can potentiate
the development of neuropathic pain, allodynia, and hyper-
algesia (Chang et al., 2007; Hook et al., 2007; Liang et al., 2008;
Parisod et al., 2003; Yu et al., 1997a,1997b). Considering the
number of people affected by pain following SCI, it is im-
portant that it can be effectively treated.

Opioids are commonly used for the treatment of pain after
SCI (Clark, 2002; Liang et al., 2008; O’Connor and Dworkin,

2009; Przewlocki and Przewlocki, 2005; Sindrup and Jensen,
1999; Widerstron-Noga and Turk 2003), and are considered to
be among the most effective analgesics (Warms et al., 2002).
However, the efficacy of opioid treatment following SCI has
not been assessed using placebo-controlled trials (Attal et al.,
2009). From a clinical perspective, the prescription of opioids
is problematic because continuous administration can lead to
dependence, tolerance, and addiction (Ballantyne and La-
Forge 2007; Ballantyne and Mao, 2003; O’Connor and
Dworkin, 2009; Trescot et al., 2008). It is estimated that 18-
45% of individuals using opioids for the management of
chronic pain, or pain that lasts beyond the usual course of
disease or healing, abuse the drug (Ballantyne and LaForge
2007; Compton and Volkow 2006; Contet et al., 2008; Heine-
mann et al., 1992; Morasco and Dobscha, 2008, Trescot et al.,
2008). Inconsistencies between reports of the incidence of
addiction stem from differences in definitions of abuse,
methods of reporting, and populations being surveyed, along
with a general lack of empirical research examining the effi-
cacy of long-term opioid use and addictive potential (Bell and
Salmon, 2009; Dersh et al., 2008; Hojsted and Sjogren, 2007;
Morasco and Dobscha, 2008; Radnitz and Tirch, 1995).
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Clearly, the use of opioids for the management of pain must
be further investigated.

The prevalence of opioid misuse in patients with chronic
pain (Morasco and Dobscha, 2008; Ives et al., 2006; Michna
et al., 2007) underscores the need to further examine the po-
tential for addiction after SCI. Prior work suggests that the
development of a morphine-induced conditioned place pref-
erence (CPP) may be reduced in rats experiencing neuropathic
pain resulting from nerve ligation injury (Ozaki et al., 2002).
Similarly, Lyness and associates (1989) found that arthritic rats
self-administered significantly less morphine than their pain-
free counterparts. These studies suggest that pain, regardless of
type, may lower the addictive potential of morphine. Yet,
survey studies of chronic pain in the human clinical popula-
tion, as discussed above, do not support this hypothesis. In fact,
studies have shown that opioid effects vary depending on the
model, the pain assessment tool, and the route of analgesic
administration (Yu et al., 1997a, 1997b). It is therefore impor-
tant to examine self-administration in a SCI model. Heinemann
and colleagues (1988) found that up to 62% of SCI patients had
misused drugs or alcohol at the time of their injury. If prior
behavior is indeed predictive of addictive potential, one might
expect an increased incidence of addiction after SCI.

The current studies investigate the addictive potential of
morphine in a rodent contusion model of SCI. The contusion
model closely resembles the clinical condition of SCI (Hulse-
bosch, 2002), producing symptoms of chronic pain in ap-
proximately 80% of subjects (Mills et al., 2001). Clinically,
morphine is used to treat pain in the acute and chronic phases
of SCI. This study focused on the effects of morphine applied
in the acute phase of injury. Understanding the effects of
morphine applied in the acute phase is significant at two
levels. First, the data address concerns of addiction to pain-
relieving medications after SCI. Does morphine given for
acute pain potentiate addictive behavior? Second, using a
clinically-relevant self-administration paradigm, these stud-
ies examine the effects of repeated morphine administration
on long-term recovery of function.

Our previous studies show that a single administration of
morphine (IP or IT) given the day following SCI injury under-
mines long-term locomotor recovery (Hook et al., 2007, 2009,
2011). As opioid effects vary with the route of administration
(Yuetal.,, 1997a,1997b), it is important that we also examine the
effects of IV administration. We found, commensurate with
previous studies, that repeated administration of IV morphine
also undermined locomotor recovery and weight gain in the
chronic phase of injury. Pertaining to addiction, contused
subjects displayed an increased CPP to morphine in the acute
phase of SCI relative to sham and intact controls. However,
using a self-administration paradigm, we found a dose-
dependent effect of injury on the rate of morphine adminis-
tration; ata moderate dose, contused subjects self-administered
significantly less morphine in the acute phase of injury.

Methods
Subjects

Male Sprague-Dawley rats obtained from Harlan (Hous-
ton, TX) were used as subjects. The animals were 90-110 days
old, weighed 350-400g, and were individually housed in
acrylic glass bins (length 45.70 cm, width 23.50 cm, and height
20.30cm) with food and water available ad libitum. Their
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bladders were expressed manually in the morning (8-9:30 am)
and evening (6-7:30 PM) until they regained bladder con-
trol, which was defined as 3 consecutive days with an empty
bladder at the time of expression. The animals were main-
tained on a 12-h light-dark cycle, and all behavioral testing
occurred during the light portion of the cycle.

All of the experiments were reviewed and approved by the
institutional care committee at Texas A&M, and all National
Institutes of Health guidelines for the care and use of animal
subjects were followed.

Surgery

Contusion injury. Subjects were anesthetized with inhaled
isoflurane (5% to induce anesthesia and 2-3% for mainte-
nance), and an area approximately 4.5 cm above and below the
injury site was shaved and disinfected with iodine. A 7-cm
incision was made over the spinal cord, and two incisions ex-
tending 3 cm rostral and caudal to T12-T13 were made on ei-
ther side of the vertebral column. The lamina of the T12-T13
vertebrae were removed, exposing spinal tissue. The vertebral
column was then fixed within the MASCIS device (Constantini
and Young, 1994; Gruner, 1992), and a moderate contusion
injury was produced by allowing the 10-g impactor (outfitted
with a 2.5-mm tip) to drop 12.5mm. The wound was closed
with Michel clips. Sham subjects received a laminectomy only
(no weight drop), and intact subjects received anesthesia only.

For the first 24 h after surgery, the rats were housed in a
recovery room maintained at 26.6°C. All subjects were treated
(IP) with 100,000 U/kg penicillin G potassium immediately
after surgery and again 2 days later. To help maintain hy-
dration, the subjects were also given 3.0mL of saline (IP in-
jection) following surgery. The Michel clips were removed 14
days following surgery.

Jugular catheter surgery. In the self-administration ex-
periments, a jugular catheter was inserted 5 days prior to the
contusion injury. Rats were anesthetized using a combination
of 80mg/kg ketamine and 10mg/kg xylazine (IP). While
under anesthesia, a catheter consisting of 0.025-mm ID Silastic
tubing was inserted into the jugular vein and sutured to the
muscle tissue in the area of the vein. Using an 11-gauge
stainless steel tube as a guide, the catheter was passed sub-
cutaneously through the body of the animal so that it exited in
the back between the scapulae. A back mount cannula ped-
estal (model 313-00BM-10-SPC; Plastics One Inc., Roanoke,
VA) was implanted subcutaneously and connected to the
catheter. The back mount exited the skin between the scapulae
and allowed for the connection of a spring leash for drug
delivery. All incisions were closed using cyanoacrylate glue.

For the first 24 h after surgery, the rats were housed in a
recovery room maintained at 26.6°C. All subjects were treated
with 100,000 U/kg penicillin G potassium immediately after
surgery, and for 2 days following surgery. To help maintain
hydration, the subjects were also given 3.0mL of saline (IP)
following surgery. During the 5-day recovery period follow-
ing surgery, the catheters were flushed with heparinized sa-
line (0.25mL).

Assessment of motor and sensory recovery

Locomotor recovery. Locomotor behavior was assessed
using the Basso-Beattie-Bresnahan (BBB) rating scale (Basso
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et al., 1995) in an open enclosure (99 cm diameter and 23 cm
deep) on the day following the contusion injury. The subjects
were acclimated to the apparatus for 5 min per day for 3 days
prior to surgery. Twenty-four hours after surgery each subject
was placed in the open field and observed for 4 min to assess
locomotor function. All observers had high intra- and inter-
observer reliability (all r's >0.89), and were blind to the
subjects” experimental treatment.

Locomotor scores were transformed to help assure that the
data were amendable to parametric analyses (Ferguson et al.,
2004a). This transformation pools BBB scores 24, removing a
discontinuity in the scale. The transformation also pools
scores from a region of the scale (14-21) that is seldom used for
a moderate contusion injury. By pooling these scores, we
obtain an ordered scale that is relatively continuous with units
that have approximately equivalent interval spacing. Meeting
these criteria allows us to apply metric operations (compu-
tation of mean performance across legs), improves the justi-
fication for parametric statistical analyses, and increases
statistical power.

Thermal reactivity. Reactivity to a noxious thermal stim-
ulus was assessed by applying radiant heat to the tail. A 375-
W movie light was focused onto the subject’s tail using a
condenser lens positioned 8 cm below the light source. The
subject’s tail was positioned in a 0.5-cm deep groove cut into
an aluminum block 4.7 cm below the condenser lens. The last
2.5 cm of the tail was taped to a wire hook and attached to an
elastic band located 11 cm behind the aluminum block, ex-
posing approximately 2 cm of the tail to the light source. The
flexibility of the elastic band allowed for a tail flick response
while maintaining the rat’s tail under the heat source. The
latency to vocalize was then assessed. After both movement
and vocalization responses were detected, the heat was ter-
minated. If a subject failed to respond, the test trial was au-
tomatically terminated after 8 sec of heat exposure to avoid
tissue damage. The subjects were placed in the apparatus for
15 min prior to testing, and were assessed three times at 2-min
intervals. The last two tests were averaged to derive a mea-
sure of reactivity.

Place preference procedure

CPP is designed to examine the motivational properties of a
drug. In our experiments, morphine (the unconditioned
stimulus; US) is paired with a neutral environmental context.
With increased exposures to the drug in the context, the en-
vironmental stimuli gain motivational properties and can act
as conditioned stimuli (CS), which elicit approach. In this
paradigm, derivation of the ratio of time spent in the drug-
paired context compared to the saline-paired context, provi-
des an index of a preference for a morphine- or saline-induced
state.

Apparatus. Acclimation to the training/testing environ-
ments took place in grey plywood boxes (length 41 cm, height
41 cm, width 38cm) with smooth floors. Morphine place
preference conditioning occurred in one of two distinct en-
vironments. One box (length 41cm, height 41cm, width
38 cm) was black with a smooth acrylic glass floor scented
with 3% vinegar. The other was a white box and the floor was
covered with pine chips. The boxes were cleaned with a dis-
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infectant between subjects. Testing occurred in a box (length
91 cm, height 41 cm, width 38 cm) that was comprised of both
of the training contexts separated by a neutral grey strip. The
conditioning boxes and test box were illuminated in a manner
that eliminated the natural preference for the black portion of
the box, and were maintained in the same position for the
duration of the experiment.

Acclimation. The subjects were brought into the room and
were placed in the grey acclimation boxes (described previ-
ously) for 45 min. This was done to familiarize the rats with
the handling, environment, and apparatus.

Training. As in previous designs (Ferguson et al., 2004b),
training occurred in morning and afternoon (5h later) ses-
sions, allowing the animals to experience both the drug-
and saline-paired context in the same day. The animals were
given an injection of morphine sulfate (1.25 or 2.50 mg/kg
[(C17H19NO3)2 HzSO4‘5 HzO], equivalent to 0.94 or 1.88 mg/
kg morphine base, respectively; Mallinckrodt, Hazelwood,
MI) or 0.9% saline, and were placed in a training context
(black or white) for 45 min before being returned to their home
cage for 5h. These doses of morphine are on the low end of
those typically used for CPP (Tzschentke, 2007). In the after-
noon session, subjects were injected with the other solution
(rats that received saline with the first injection received
morphine in the second). The rats were then placed in the
other context for 45 min. Both the order of presentation and
which context served as the drug-paired environment were
counterbalanced across individuals.

Testing. On the day following the last training session,
the rats were placed in the testing chamber and observed for
15 min to assess time spent in the drug-paired context, neutral
area, and saline-paired context. Testing occurred in the mid-
dle of the day (12:00-14:00 h). Relative preference was deter-
mined using: (time spent in drug-paired context+1)/(time
spent in vehicle-paired context+1). A “1” was added to both
the numerator and denominator to avoid dividing by zero.

Self-administration procedure

Apparatus. Self-administration took place in operant
chambers (model E10-10; Coulbourn, Allentown, PA) en-
closed in sound-attenuating cubicles. Each chamber was
equipped with two levers with a stimulus light positioned
over each. Infusion pumps (Razel Scientific Instruments,
Stanford, CT) controlled drug delivery to each of the boxes,
and a 20-mL syringe delivered an IV infusion (160 uL) over a
6-sec time frame. The chambers were interfaced with two IBM
computers, which controlled drug delivery and recorded le-
ver depressions.

Self-administration procedure. All animals were im-
planted with a jugular catheter, and 5 days later received a
contusion or a sham injury or remained intact. Twenty-four
hours following the contusion or sham surgery, locomotor
function was assessed and the animals were placed in the self-
administration chambers (9:00 pm to 9:00 am). In the first
self-administration experiment (12 subjects total, n=4), de-
pression of the right lever (FR1) resulted in an IV infusion of
1.5 mg morphine (equivalent to 1.13 mg morphine base), with
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a maximum total dose of 30 mg morphine/day. This dose is
similar to what is used clinically in humans. Patients receive
up to 120 mg/kg morphine a day at the beginning of treat-
ment (30 mg morphine is between 75-120 mg/kg/day; Chu
et al., 2006), with doses increasing as needed for pain relief,
often up to 180 mg morphine/day (Clark, 2002; Schneider and
Kirsh, 2010). We recorded the amount of morphine adminis-
tered for the first 7 days following injury.

When examining dose effects in the self-administration
paradigm (32 subjects total, n =4), depression of the right lever
resulted in a 160-uL IV infusion of morphine sulfate (0.75,
1.50, or 3.00 mg, equivalent to 0.56, 1.13, or 2.26 mg morphine
base), and depression of the left lever was not reinforced. The
number of responses on the reinforced lever were recorded,
and used to determine the amount of morphine the animal
administered each day. Animal weights and BBB locomotor
scores were recorded.

Statistical analyses

The results were analyzed using analysis of variance
(ANOVA). In experiments with a continuous independent
variable, mixed-design ANOVAs were used. In cases where
significant between-subject differences were obtained (main
effect of a single variable), group means were compared using
the Duncan’s New Multiple Range Test (p <0.05). Trend an-
alyses were also used to identify dose-dependent changes in
behavior.

Results

The results of three experiments are presented below. We
first assessed the addictive potential of morphine in the acute
phase of injury using a CPP paradigm. The second and third
experiments use a self-administration paradigm with more
chronic administration of morphine. In the second experiment
we examined whether sham, contused, and intact rats would
self-administer morphine at one concentration/dose. In the
third, we examined self-administration in sham and contused
rats using three different doses of morphine, and monitored
recovery for a 42-day period following injury.

SClI increases morphine CPP
in the acute phase of injury

In this experiment, we examined whether contused sub-
jects would develop a preference for a morphine-paired con-
text using two doses of morphine.

Baseline locomotor assessment. Contused subjects had
BBB scores indicative of a moderate contusion injury
(3.19+£0.61; 4.19+0.83 BBB converted and unconverted re-
spectively in the 1.25 mg/kg group; 4.25+0.47;4.89 +0.63 BBB
converted and unconverted respectively in the 2.50mg/kg
group). Sham subjects in both groups had converted BBB
scores of 12.00+0.00. ANOVA confirmed that the groups
differed [F 5 42)=405, p<0.05]. Post hoc analyses showed that
the contused rats differed from the sham controls (p <0.05).
No other differences were significant (p >0.05).

Assessment of place preference. The animals were ex-
posed to a total of two drug/context pairings over a period
of 2 days, and place preference was assessed 24h later
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(Fig. 1A). Preference for the morphine-paired context de-
pended on both surgery and drug dose (Fig. 1B). At the doses
tested, only contused rats exhibited a strong preference for
the morphine-paired context, and this effect was most evi-
dent at the 1.25-mg/kg dose. Supporting this, an ANOVA
yielded a significant main effect of surgery and a sur-
gery xdose interaction (both Fs>6.46, p<0.05). The main
effect of drug dose was not significant [F(; 36)=2.62, p>0.05].

Assessment of sensory reactivity after place preference
training. To examine whether a contusion injury affects the
anti-nociceptive impact of morphine, we tested the effect of IP
morphine on tail withdrawal from radiant heat (tail flick test).
Subjects first received an injection of saline, and baseline (Pre)
tail flick latencies were assessed. Subjects were then admin-
istered the same dose of morphine that they had received
during the conditioning phase, and tail flick latencies were re-
assessed 30 min later. As shown in Figure 1C, subjects that
previously received the high dose of morphine exhibited
slightly higher baseline (Pre) tail flick latencies [F 42)=25.23,
p>0.0001]. Baseline reactivity was not affected by surgery
condition (both Fs<2.89, p>0.05). As expected, morphine
produced robust anti-nociception [Post F 42)=185.87, p<
0.0001], and subjects given the higher dose exhibited longer
latencies [F 42)=38.97, p<0.0001]. More importantly, the
impact of morphine treatment did not vary with surgery
condition (all Fs<2.48, p>0.05). Morphine treatment also
increased the latency to exhibit a vocalization response
[Fa 42y=24.51, p<0.0001], and this was not affected by dose or
surgery condition (all Fs <3.45, p>0.05).

SCI decreases morphine self-administration
in the acute phase of injury

We found that a contusion injury does not affect the anti-
nociceptive effect of morphine, but enhances the acquisition of
a CPP. The latter suggests that a spinal injury may increase
morphine-induced reward. If so, a contusion injury could
enhance the drug’s addictive potential in a self-administration
paradigm. Sham, intact, and contused subjects were placed
into self-administration chambers for 12h for 7 nights. They
received an IV infusion of 1.5 mg morphine (up to 30 mg) with
each lever depression.

Response number. We first examined whether surgery
condition affected the number of responses exhibited on the
reinforced lever (Fig. 2A and B). Net responses on the re-
inforced lever were not affected by surgery condition (both
F’s <2.44, p>0.05).

Morphine administered. Response number provides an
index of the subject’s propensity/capacity to bar press over
the course of the session, but does not directly track the
amount of drug that each subject received (because this
dependent variable included responses performed after the
maximum dose [30mg] was received). For this reason, we
also calculated the amount of morphine each subject self-
administered. As shown in Figure 2C and D, subjects gener-
ally exhibited an increase in morphine administration over
days [F54y=3.52, p<0.05]. Contrary to our hypothesis, con-
tused rats exhibited the lowest levels of morphine self-
administration, yielding a main effect of surgery condition
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FIG.1. For the conditioned place preference assessments, the subjects were trained according to the timeline depicted in A.
They were exposed to a neutral context for 2 days prior to surgery, and again 1 day following surgery. Training took place
over 2 consecutive days, and testing on a third day. As shown in B, contused subjects developed an increased preference for
the morphine-paired context, relative to sham and intact controls, after only two morphine-context pairings. Relative pref-
erence was determined using: (time spent in drug-paired context+1)/(time spent in vehicle-paired context+1). Morphine
administration produced analgesia in all groups, but was more robust in the 2.5-mg/kg group (C; *p<0.05).

[F(2,0)=5.29, p <0.05]. The magnitude of this effect did not vary
across days [F2s54=1.13, p<0.05]. Post-hoc comparisons
showed that the contused rats self-administered less mor-
phine than the sham controls (p <0.05). No other differences
were significant (p >0.05).

Effects of injury on morphine self-administration
are dose-dependent

Contrary to our hypothesis, contused rats self-
administered less morphine. The present experiment exam-
ined this phenomenon over a range of doses. Sham and
contused subjects were placed in self-administration cham-
bers for 12h for 7 days and received an IV injection of mor-

phine (1.5 or 3.0mg up to 30mg/day) with each lever
depression.

Response number. We first examined whether dose af-
fected the number of responses exhibited on the reinforced
lever (Fig. 3A-D). As expected, morphine treatment led to an
increase in responses [F(3 »4y=3.55, p <0.05). Net responses on
the reinforced lever were not affected by surgery condition
(both F's <2.49, p>0.05).

Morphine administered. Net responses do not account
for differences in morphine concentration across groups. As
in the preceding experiment, we addressed this issue by
examining the amount of morphine administered. Because
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FIG. 2. There were no group differences in the number of responses made on the reinforced lever (A and B). When
examining the amount of morphine administered, however, (C and D), we found that contused animals administered

significantly less morphine than sham controls (*p <0.05).

the saline-treated subjects received no morphine, they were
omitted from this analysis (Fig. 4A-D). As observed in the
previous experiment, a contusion injury reduced self-
administration at the intermediate dose (1.5 mg; Fig. 4C). A
lower dose of morphine led to a moderate level of self-
administration in both groups (Fig. 4B). At a high concen-
tration (Fig. 4D), contused rats self-administered less
morphine on days 1 and 2, but not days 4-7. ANOVA yiel-
ded a significant main effect of drug and surgery (both
F's >5.59, p<0.05). In addition, the amount of mor-
phine administered varied across days and the change ob-
served depended upon both drug and surgery condition (all
Fs >2.73, p<0.05). Post-hoc comparisons showed that con-
tused rats given 1.5 mg of morphine administered less drug
than sham-operated rats given the 1.5-mg dose and both of
the 3.0-mg-treated groups (p<0.05). Contused and sham
rats given 0.75 mg of morphine administered less than sham-
operated animals given 3 mg (p <0.05). No other differences
were significant (p>0.05).

Weight gain. To assess the impact of morphine on re-
covery, we divided the data into two phases: during the pe-
riod of self-administration (days 1-7), and during the period
of recovery (days 8—42). Examining weight change during the
period of self-administration, we found that morphine treat-

ment led to weight loss over days independent of surgery
condition. Supporting this, an ANOVA revealed main effects
of drug treatment and day, as well as a drug x day interaction
(both F’s>6.51, p<0.05). No other terms were significant (all
F’s<3.16, p>0.05).

During the recovery period, the effect of morphine treat-
ment on weight in the sham-operated rats waned across days
(Fig. 5A). As observed in prior studies (Hook et al.,
2007,2009,2011), contused rats gained less weight (Fig. 5B).
While contused rats that received a low-to-moderate dose of
morphine (0.75-1.5mg) recovered to the same level as the
saline-treated controls, subjects that had received the highest
concentration (3.0 mg) exhibited poor recovery. An ANOVA
confirmed that the main effects of drug, surgery, and day
were significant (all F’s >3.48, p <0.05). More importantly, the
change in weight observed across days depended upon both
drug and surgery treatment (all F's>1.90, p<0.0001). The
drug xsurgery interaction was not significant [F304)=1.89,
p>0.05].

Locomotor recovery. BBB scores did not differ signifi-
cantly on day 1 post-injury [F12)<1.0, p>0.05]. As above,
scores collected during and after the period of morphine self-
administration were analyzed separately. During the period
of self-administration, morphine treatment slowed recovery
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FIG. 3. This figure depicts the number of responses made on the reinforced lever in the saline (A), 0.75- (B), 1.5- (C), and 3.0-
mg (D) groups. Morphine treatment led to an increase in responses, but there was no effect of surgery condition.

(Fig. 6). While the main effect of drug treatment was not sig-
nificant [F3 12)=2.40, p>0.05], trend analysis revealed a sig-
nificant linear component (F=6.66, p<0.05]. Neither the
quadratic nor cubic trends were significant (both F’s <0.54,
p>0.05).

During the recovery period, morphine-treated rats contin-
ued to perform below the saline-treated controls. Again, while
the main effect of drug treatment was not significant
[F3,12)=3.05, p>0.05], trend analyses yielded a significant
linear component (F=7.72, p <0.05). Neither the quadratic nor
cubic components were significant (both F's<0.43, p>0.05).
Post-hoc comparisons of the group means showed that sub-
jects who had received the highest concentration of morphine
(3.0mg) differed from the saline-treated controls (Fig. 6B)
(p<0.05). No other differences were significant (p>0.05).

Discussion

In the acute phase of a spinal cord injury, contused subjects
displayed an increased preference for a morphine-paired
context relative to sham and uninjured controls. However, for
the same phase of injury (days 1 and 2), contused subjects self-
administered significantly less morphine than their sham
counterparts. This decreased self-administration was time-
and dose-dependent. After the acute phase of injury (days 3-
7), contused subjects treated with the moderate dose (1.5mg

morphine) continued to administer significantly less mor-
phine than the sham animals, whereas subjects treated with
the high dose of morphine (3.0 mg) rapidly administered the
total dose available at a rate commensurate with sham con-
trols. Administration of this high dose of morphine under-
mined locomotor recovery and reduced weight gain after
injury. These data concur with our previous studies (Hook
et al., 2007, 2009, 2011), demonstrating that morphine has
unwanted secondary consequences on recovery, regardless of
the route of administration.

We chose to examine CPP and self-administration because
these tasks depend on different forms of learning and can
reveal divergent effects regarding the processes that underlie
addictive behavior. The conditioning task relies on a form of
pavlovian conditioning, wherein contextual cues (e.g., wall
color, floor texture, and odor) serve as a kind of pavlovian
conditioned stimulus (CS), and the drug-induced state acts as
the unconditioned stimulus (US). Evidence suggests that CSs
that have been paired with opiate administration acquire the
capacity to act as “motivational magnets” that draw the
subject to the opiate-paired context (Bardo and Neisewander,
1986). The CS is thought to elicit a kind of “wanting,” a con-
ditioned motivation that can arise independent of whether
human subjects report drug-induced pleasure (an emotional
state that some characterize as “liking”; Berridge, 2009; Ber-
ridge et al., 2009).
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FIG. 4. Net responses do not account for differences in morphine administration across surgery groups. While there were
no differences in morphine administration, for the sham and contused groups treated with the lowest dose (0.75mg; B), a
contusion injury reduced self-administration at the intermediate (1.5mg; C) dose. At a high concentration (3.0mg; D),
contused rats also self-administered less morphine on days 1 and 2, but not on days 3-7. Additionally, contused animals in
the 0.75- and 1.5-mg groups administered less morphine than contused subjects at the 3.0-mg dose (A); *p<0.05.

Behavior in a self-administration paradigm depends on a
distinct form of learning, instrumental conditioning, wherein
subjects must perform a response (a bar-press) to obtain the
reinforcer (an infusion of morphine). In this task the subject
must work to obtain the goal, and for this reason, self-
administration is thought to provide a better model of ad-
dictive behavior (Koob et al., 2009). The paradigm is also of
clinical interest because it models patient-controlled delivery
of analgesic agents (Martin et al., 2007; Sanchis-Segura and
Spanagel, 2006). Here, behavior appears to be linked to the
affective consequences of the opiate; in humans, drugs that
bring pleasure and reduce pain are self-administered.

Prior work has shown that experimental manipulations
can have divergent effects on wanting and liking (i.e.,
on motivation and pleasure). For example, destruction of
dopaminergic pathways within the nucleus accumbens and
striatum eliminate signs of drug wanting, but has little effect
on behavioral signs of liking (Pecifia et al., 2008). If spinal
cord injury enhanced wanting, but diminished liking, it
would have divergent effects on place preference and self-

administration, enhancing the former while the latter is at-
tenuated. We found divergent effects in these two para-
digms, but only at moderate doses of morphine. A dose that
induced a strong place preference in contused subjects, but
not sham controls, led to decreased self-administration in
contused subjects relative to sham animals.

Alternatively, the reduced administration may result from
a decrease in the analgesic efficacy of morphine. Others have
shown that SCI produces behavioral signs of neuropathic
pain, and chronic pain is frequently reported after spinal in-
jury in humans (Anderson, 2004; Perry et al., 2009; Siddall
et al., 2003). Morphine administration would be expected to
engage both neural systems associated with pleasure, and
mechanisms that function to inhibit pain. We have shown that
the dose of morphine used to induce a conditioned preference
also produces robust anti-nociception. For this reason, injured
rats may prefer the morphine-paired context because noci-
ceptive input (pain signals) is inhibited. In the absence of pain,
the anti-nociceptive effect of morphine may have little reward
value (with the low doses used in the present study), and as a
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FIG. 5. Weights were monitored in two phases: during morphine administration (indicated by the grey shading), and
during the recovery period. For the first 7 days, we found that morphine treatment led to weight loss independent of surgery
condition (A and B). During the recovery period, the effect of morphine treatment on weight in the sham-operated rats
waned across days (A). Contused rats treated with highest dose of morphine, however, gained significantly less weight than

both sham-operated and saline-treated controls.

result, yield only a weak preference for the morphine-paired
context. However, just as humans will self-administer an
opiate to bring pain relief, we would expect injured rats to
maintain a level of opiate infusion sufficient to diminish tonic
pain. Indeed, injured rats given access to the low (0.75mg)
and moderate (1.5 mg) concentrations of morphine adminis-
tered approximately 10mg/kg of morphine over the 12-h
training period, a dosage that would be sufficient to maintain
anti-nociception (for approximately 6 h; the half-life of mor-
phine is 2-3 h) if it were given in one administration. How-
ever, individual administrations (with each lever press) of the
low (0.75mg) and moderate (1.5mg) doses may not provide
sufficient analgesia with each administration for the animals
to continue responding (thus allowing larger amounts of
morphine to accumulate). This may explain the reduced ad-

ministration seen in these groups, relative to sham controls
treated with 1.5 mg of morphine, and both contused and sham
rats treated with the 3-mg dose. Future studies will further
delineate the roles of addiction versus analgesia in the spinal
contusion model.

Although motivation variables remain to be determined, the
behavior of the sham rats treated with the higher doses of
morphine is suggestive of addiction. In a self-administration
task, addictive behavior is evident from the near-maximal re-
sponse to obtain the full amount of opiate available. Inspection
of the amount of morphine taken by sham-operated rats (Fig. 4)
indicates that an addictive tendency emerged at a moderate
concentration (1.5mg), and was fully evident at the high con-
centration (3.0mg). Injured rats did not engage in the same
level of addictive behavior, and even at the high concentration
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of morphine, this effect did not emerge until late in training.
Sham-operated rats administered more morphine than intact
rats (Fig. 2), possibly because the nociceptive pain from surgery
potentiates the development of addiction. This pattern of re-
sults suggests that SCI reduces susceptibility to addiction,
but does not eliminate it. Moreover, when subjects self-
administered a high concentration of morphine, far more than
that needed to control ongoing pain, the opiate adversely af-
fected physiological signs of recovery (weight gain and loco-
motor function). These results are consistent with past studies
that suggest that neuropathic pain can attenuate the develop-
ment of addictive behavior (Martin et al., 2007; Ozaki et al,,
2002; Lyness et al., 1989), and imply that at a low-to-moderate
morphine concentration (and limited dosage), patient-
controlled analgesia may have a minimal effect on long-term
recovery. Care is warranted, however, because: (1) the dose-
response function was not step-wise, but rather was linear; and
(2) if addictive behavior does emerge, subjects may self-
administer the drug at a dose that brings long-term harm.
Further work is needed to elucidate how spinal injury and
opiate treatment interact, and to identify safe treatment regi-

mens. A common link may involve injury-induced changes in
immune function. Immediately following SCI, there is an in-
crease in the number of lymphocytes, microglia, and astro-
cytes at the injury site (Ankeny and Popovich, 2009; Ankeny
et al.,, 2006; Alexander and Popovich, 2009). Microglia ex-
pressing the non-classic opioid receptor TLR4 are activated
within 72h of SCI (Kigerl et al., 2007), and this activation is
further increased by chronic morphine administration (Cao
et al., 2010). Spinal cord injury, TLR4 activation, and mor-
phine administration all increase mRNA and protein levels of
the proinflammatory cytokine IL-1f in spinal cord tissue
(Hutchinson et al., 2008; Liu et al., 2008; Lewis et al., 2010;
Hook et al.,, 2011), which could contribute to the opiate-
induced impairment in locomotor function. Supporting this,
Hook and colleagues (2011) showed that pretreatment with
an IL-1-receptor antagonist (IL-1ra) blocked the adverse effect
of morphine exposure on locomotor recovery. In other para-
digms, glial activation and cytokine release have been
shown to be modulate opiate effectiveness (Hutchinson et al.,
2008,2011), and this process could contribute to injury-
induced changes in opiate self-administration.
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Additional studies are also needed to disentangle how injury
affects opiate mechanisms at different levels of the nervous
system (e.g., brain versus spinal cord), and to identify effective
analgesics that do not impede recovery. If, as hypothesized, the
adverse effects of opiate treatment on recovery are linked to
their action at non-classic receptors (e.g., TLR4; Watkins et al.,
2009), drug cocktails that combine an opioid agonist with
agents that reduce glial activation could have therapeutic
benefits. Of course in the case of spinal injury, this presents a
special challenge, given that alterations in immune function per
se can have myriad effects on recovery (Ankeny et al., 2009;
Gensel et al., 2011; Kigerl et al., 2009). For this reason, alter-
native therapeutic treatments that inhibit nociceptive signals
(e.g., epidural lidocaine and hypothermia) may offer an
attractive treatment alternative during the acute stage of injury.
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