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Abstract

Prior work has shown that a high dose (20 mg=kg) of systemic morphine, required to produce significant analgesia
in the acute phase of a contusion injury, undermines the long-term health of treated subjects and increases lesion
size. Moreover, a single dose of systemic morphine in the early stage of injury (24 h post-injury) led to symptoms of
neuropathic pain 3 weeks later, in the chronic phase. The present study examines the locus of the effects using
intrathecal morphine administration. Subjects were treated with one of three doses (0, 30, or 90mg) of intrathecal
morphine 24 h after a moderate contusion injury. The 90-mg dose produced significant analgesia when subjects
were exposed to noxious stimuli (thermal and incremented shock) below the level of injury. Yet, despite analgesic
efficacy, intrathecal morphine significantly attenuated the recovery of locomotor function and increased lesion
size rostral to the injury site. A single dose of 30 or 90 mg of intrathecal morphine also decreased weight gain, and
more than doubled the incidence of mortality and autophagia when compared to vehicle-treated controls. Mor-
phine is one of the most effective pharmacological agents for the treatment of neuropathic pain and, therefore,
is indispensable for the spinally injured. Treatment can, however, adversely affect the recovery process. A
morphine-induced attenuation of recovery may result from increases in immune cell activation and, subsequently,
pro-inflammatory cytokine concentrations in the contused spinal cord.
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Introduction

Neuropathic pain is cited as one of the most debilitat-
ing consequences of spinal cord injury (SCI) (Anderson,

2004). Chronic pain affects approximately two-thirds of the
injured population, with one-third of these patients describ-
ing the pain as severe (Siddall and Loesser, 2001). Opioids are
highly effective at treating pain. Widerström-Noga and Turk
(2003) found that approximately 11% of spinally injured pa-
tients using opiates reported feeling ‘‘pain free,’’ 22%
were ‘‘considerably better,’’ 48% were ‘‘slightly better,’’ and
19% reported ‘‘no effect.’’ Opiates are clearly an indispensable
therapy for the spinally injured population.

Despite widespread use of opiate analgesics, little is known
about how this treatment interacts with SCI. To address this
issue, we have begun to explore how opiate treatment affects
recovery using a rodent contusion injury model. A rodent
contusion injury not only produces a pathophysiological
profile that closely resembles the clinical SCI condition (Bunge
et al., 1993; Hulsebosch, 2002), but also results in symptoms of

chronic pain in approximately 80% of subjects (Mills et al.,
2001). Rats with a contusion injury exhibit thermal, mechan-
ical, and girdle allodynia (Hulsebosch et al., 2000; Lindsey
et al., 2000), making them a valid model for the analyses of
neuropathic pain after SCI.

Hook et al. (2007) used the contusion model to assess the
effects of systemic morphine given in the early phase of re-
covery (24 h post-injury). We hypothesized that decreased
pain transmission after opiate administration could reduce
over-excitation at the site of a contusion injury, and thereby
reduce secondary damage and perhaps the development of
chronic central pain. To test this hypothesis, our initial studies
examined whether morphine could block the adverse effects
of uncontrollable nociceptive stimulation applied below the
level of injury (Hook et al., 2007). Uncontrollable nociceptive
stimulation could result from peripheral injuries that accom-
pany spinal trauma. Moreover, previous studies have shown
that this form of stimulation undermines the recovery of
motor and sensory function (Grau et al., 2004). Unfortunately,
preemptive morphine treatment did not block these adverse
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effects. In fact, our study showed that a single dose of systemic
morphine on the day after a spinal contusion injury exacer-
bated the effects of nociceptive stimulation (Hook et al., 2007).
In this study, contused rats were given one of three doses of
morphine (0, 10, or 20 mg=kg) prior to exposure to uncon-
trollable electrical stimulation or restraint alone. Despite de-
creasing nociceptive reactivity, rats treated with morphine
and shock had higher mortality rates, and displayed allodynic
responses to innocuous sensory stimuli 3 weeks later. In-
dependent of shock, morphine also undermined the recovery
of sensory function, and rats treated with morphine alone had
significantly larger lesions than those treated with vehicle.
These results suggest that morphine can attenuate recovery
despite a blockade of pain-elicited behavior.

The current study aimed to further the understanding of
the effects of morphine in a spinal contusion model by de-
termining its site of action. The effects of morphine could re-
sult from a direct pharmacological interaction with molecular
processes at the level of the spinal cord. Alternatively, mor-
phine may impact spinal function indirectly by engaging
brain-dependent or peripheral processes that adversely affect
the recovery process. To address this issue, the current ex-
periment examined whether the local application (intrathecal
[i.t.]) of morphine, directly onto the spinal cord, affects re-
covery after a moderate contusion injury. Morphine was ap-
plied 2 cm caudal to the injury site to minimize effects
mediated at a supraspinal level, and preclude peripheral ef-
fects. Pilot studies indicated that 30 and 90mg, but not 10mg of
i.t. morphine produced analgesia in the acute phase of injury,
compared with vehicle controls. This study assessed the long-
term effects of a single dose of 0, 30, and 90mg of i.t. morphine
given in the acute phase of injury. Motor and sensory recovery
was monitored for 21 days after morphine administration.
Unfortunately, as seen in the systemic model, i.t. morphine
administration increased lesion size and undermined the
general health of the subjects. Morphine (i.t.) also resulted in
signficant attenuation of the long-term recovery of locomotor
function.

Methods

Subjects

The subjects were male Sprague-Dawley rats obtained
from Harlan (Houston, TX). They were approximately 90–110
days old (300–350 g), and were individually housed in Plexi-
glas bins [45.7 (length)�23.5 (width)�20.3 (height) cm] with
food and water continuously available. To facilitate access to
the food and water, extra bedding was added to the bins after
surgery and long mouse sipper tubes were used so that the
rats could reach the water without rearing. Subjects were
weighed on days that they were assessed for locomotor
function, and were checked daily for signs of autophagia and
spasticity. A subject was classified as having spasticity if the
limb was in an extended, fixed position and was resistant to
movement. Bladders were manually expressed in the morn-
ing (8–9:30 a.m.) and evening (6–7:30 p.m.) until subjects re-
gained bladder control, which was operationally defined as
three consecutive days with an empty bladder at the time of
expression. The rats were maintained on a 12-h light=dark
cycle and tested during the last 6 h of the light cycle.

All of the experiments were reviewed and approved by the
institutional animal care committee at Texas A&M and all

NIH guidelines for the care and use of animal subjects were
followed.

Surgery

Subjects received a contusion injury using the MASCIS
device (Constantini and Young, 1994; Gruner, 1992). Subjects
were anesthetized with isoflurane (5%, gas). Once a stable
level of anesthesia was achieved the inspired concentration of
isoflurane was lowered to 2–3% and an area extending ap-
proximately 4.5 cm above and below the injury site was
shaved and disinfected with iodine. A 7.0-cm incision was
made over the spinal cord. Next, two incisions were made on
either side of the vertebral column, extending about 3 cm
rostral and caudal to the T12-T13 segment. The dorsal spinous
processes at T12-T13 were removed (laminectomy), and the
spinal tissue exposed. The dura remained intact. The vertebral
column was fixed within the MASCIS device and a moderate
injury was produced by allowing the 10-g impactor (outfitted
with a 2.5-mm tip) to drop 12.5 mm. After injury, a 15-cm-long
polyethylene (PE-10) cannula, fitted with a 0.23-cm (diameter)
stainless steel wire (SWGX-090; Small Parts), was threaded
2 cm under the vertebrae immediately 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 using an
adhesive (Superglue). The wire was then pulled from the
tubing and the wound was closed using Michel clips. To help
prevent infection, subjects were treated with 100,000 units=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 26.68C. To
compensate for fluid loss, subjects were given 2.5 ml of saline
after surgery. Michel clips were removed 14 days after sur-
gery.

Morphine administration

Morphine was administered on the day following surgery.
After baseline motor and sensory assessments, rats were as-
signed to one of three drug conditions (0, 30, or 90 mg of
morphine sulfate, n¼ 8 per condition). Subjects then received
their assigned dose of morphine sulfate (Sigma-Aldrich, St.
Louis, MO) dissolved in 2 mL of distilled water. The drug in-
jection was followed by a 20-mL injection of saline, to flush the
catheter.

Assessments of nociceptive reactivity
and sensory function

For the assessment of morphine efficacy, nociceptive reac-
tivity was assessed immediately before and 30 min after i.t.
morphine administration. A change from baseline score (re-
activity after morphine minus reactivity before morphine)
was calculated and used as an index of morphine efficacy.
Reactivity was assessed with gradually incremented shock
and radiant heat, as described in prior studies (King et al.,
1996; McLemore et al., 1999; Crown et al., 2000). Briefly,
subjects were placed in the restraining tubes with their tail
positioned in a 0.5-cm-deep groove that was cut into an alu-
minum block. Next, subjects were allowed to acclimate to the
apparatus for 15 min. Thermal and shock thresholds were
then assessed two times using the tail-flick test. These tests
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occurred at 2-min intervals, and the last tests were used as
baseline tail-flick latencies. The order of thermal and shock
assessment were counterbalanced across groups. To confirm
that subjects did not respond in the absence of the stimuli,
blank trials were also performed. A ‘‘false alarm’’ was re-
corded if subjects made a motor or vocalization response
during the blank tests. The blank trials were performed 1 min
before or after each sensory test (in counterbalanced fashion).
No false alarms were recorded.

Thermal reactivity was tested using a 375-W movie light
that was focused onto the rat’s tail with a condenser lens
positioned 8 cm below the light source. Shock thresholds were
assessed using a manual shocker (BRS=LVE, model SG-903)
that allowed continuous variation of shock intensity of
0–2 mA (AC, constant current). Test shocks were applied 7 cm
from the base of the tail through electrodes constructed from
lightweight fuse clips. Test shock intensity was gradually in-
cremented at a rate of 0.05 mA every 3 s. For testing shock and
thermal reactivity, a wire hook that was 10 cm long and
covered with heat shrink tubing was taped to the last 2.5 cm of
the tail. The hook was placed over an elastic band located
11 cm behind the aluminum block. 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 re-
sponses were detected, the shock or heat was terminated. If a
subject failed to respond, the test trial was automatically ter-
minated after 8 s of heat exposure or after shock intensity
reached 1.2 mA.

Locomotor recovery

Locomotor behavior was assessed for 21 days post-injury,
using the Basso, Beattie and Bresnahan (BBB) scale (Basso
et al., 1995), in an open enclosure (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). Subjects were scored every other day
from day 9 to day 15 and every third day on days 18 and 21. A
video recording of each subject’s performance in the open
field was obtained on days 1, 2, 4, 7, and 21. Because rodents
often remain motionless (freeze) when first introduced to a
new apparatus, subjects were acclimated to the observation
fields for 5 min per day for 3 days prior to surgery. Each
subject was placed in the open field and observed for 4 min.
Locomotor behavior was scored using the procedure devel-
oped by Basso et al. (1995). Care was taken to ensure that the
investigators’ scoring behavior had high intra- and inter-
observer reliability (all r’s> 0.89) and that they were blind to
the subject’s experimental treatment.

Locomotor scores were transformed, as described in
Ferguson et al. (2004), to help assure that the data were
amendable to parametric analyses. Briefly, this transforma-
tion pools BBB scores of 2–4, removing a discontinuity in the
scale. The transformation also pools scores from a region of
the scale (scores of 14–21) that is very seldom used under the
present injury parameters. 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. Additional statistical power was achieved
by obtaining a measure of locomotor performance 24 h after
injury, prior to morphine treatment. Pre-treatment locomotor
performance, assessed with the BBB scale, accounted for 56%
of the variance in recovery across subjects. By using day 1 as a
covariate in an analysis of covariance (ANCOVA), therefore,
we substantially reduced unexplained variance and thereby
increased statistical power.

Additional measures of motor recovery were obtained at
the end of the 3-week recovery period using ladder walk
(Soblosky et al., 1997) and beam walk (Hicks and D’Amato,
1975; Von Euler et al., 1996, 1997) tasks. Prior to testing,
subjects were habituated to the experimental situation for
3 days (8 min per day). During this period of familiarization,
they were trained to traverse a wide beam (48.3 cm) to enter a
black box positioned at the end of the beam runway. The
beginning of the runway is brightly lit, motivating subjects to
move toward the dark box. They were left in the box for 2 min
after they had traversed the beam. Subjects were then tested
on the beam and ladder walk test.

The beam walk test provides a comparative index of the
postural stability of the subjects, as well as a gross measure of
paw placement abilities. In this test, the subject’s ability to
traverse a tapered beam (0.375–6.75 in wide) was assessed.
We recorded the width at which each foot failed to plantar
place on the beam. The average 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. In the ladder walk test, the subjects were re-
quired 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 ascertained how
many times the subjects did not successfully place their
hindpaws (their paws slipped between the rungs). The total
number of footslips were recorded as a measure of ladder
walk performance. Subjects that failed to plantar place on the
ladder were given a maximum score of 22 footslips.

Recovery of sensory function

Sensory function was assessed after day 21. We assessed
sensory reactivity using the nociceptive stimuli (a gradually
incremented shock and radiant heat) and the procedures de-
scribed previously. On an alternate day (test order was
counter-balanced across groups) reactivity to von Frey stim-
ulation was assessed. Subjects were placed into Plexiglas
tubes [7.0 cm (internal diameter)�20 cm (length)] that had
6 (length)�1.7 (width) cm notches removed from the sides of
the base. These slots allowed the hindlegs to hang freely below
the tube. Progressively stronger tactile stimuli (von Frey stim-
uli formed from nylon monofilaments; Semmes-Weinstein
Anesthesiometer, Stoelting Co., Chicago, IL) were applied se-
quentially to the plantar surface of the paw at approximately
2-s intervals until subjects exhibited a paw withdrawal (motor
response) and vocalization. If one or both responses were not
observed, testing was terminated at a force of 300�g. Each
subject was tested twice on each foot in a counterbalanced
ABBA order. Test sequences were spaced 2 min apart. Stimu-
lus intensity was reported using the formula provided by
Semmes-Weinstein: Intensity¼ log10 (10,000 * g force).
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Histology

At the end of behavioral testing, subjects were deeply an-
esthetized (100 mg=kg of pentobarbital, i.p.) and perfused
(intracardially) with 4% paraformaldehyde. A 1-cm-long seg-
ment of the spinal cord that included the lesion center was
taken and prepared for cryostat sectioning. The tissue was
sectioned coronally in 20-mm-thick sections, and every 10th

slice was preserved for staining. All sections were stained
with cresyl violet for Nissl substance and luxol fast blue for
myelin (Beattie, 1992; Behrmann et al., 1992).

The total cross-sectional area of the cord and spared tissue
was assessed at the lesion center using MicrobrightField
software. Sections of � 600, 1200, 1800, and 2400 mm from the
lesion center (rostral and caudal) were also traced and ana-
lyzed. Assessments were made by an experimenter who was
blind to the subject’s treatment condition. Four indices of le-
sion magnitude were derived: lesion, residual gray matter,
residual white matter, and width. To determine the area of
lesion, an observer who was blind to the experimental treat-
ments traced around the boundaries of cystic formations and
areas of dense gliosis (Basso et al., 1995). Nissl-stained areas
that contained neurons and glia of approximately nor-
mal densities 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 along the transverse plane. These analyses yielded six
parameters for each section: white matter area, gray matter
area, spared tissue (whiteþ gray), damaged tissue area, net
area (whiteþ grayþdamage), and section width.

To control for variability in section area across subjects, we
applied a correction factor derived from standard undamaged
cord sections, taken from age-matched controls. This correc-
tion factor is based on section widths and is multiplied by all
area measurements to standardize area across analyses (Grau
et al., 2004). 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
remaining in each section, relative to intact controls. These
measures are highly correlated with various measures of
behavioral performance including BBB locomotor scores, re-
covery of bladder function, and reactivity to shock (Grau et al.,
2004).

Statistical analysis

The results were analyzed using analysis of variance
(ANOVA). In experiments with a continuous independent
variable (e.g., recovery period, rostral-caudal histological
sections), mixed-design ANOVAs were used. Trend analyses
were also used to identify dose-dependent changes in be-
havior. 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).

Group differences on dichotomous variables (e.g., mortal-
ity) were evaluated using chi-square or Fisher exact proba-
bility tests. These tests allow for comparisons of simple (2�2)
frequency tables with relatively small samples.

Results

Intrathecal morphine attenuates pain reactivity
in the acute stage of injury

To verify the effectiveness of drug treatment, both a spinal
(tail withdrawal from radiant heat) and supraspinal (vocali-
zation to shock) measure of nociceptive reactivity was re-
corded. An ANCOVA (with pre-treatment baseline scores as
the covariate) revealed a significant effect of drug dose on
the spinal reactivity tests (F (2, 26)¼ 3.58, p< 0.05), which
assessed the latency to flick the tail away from a radiant heat
source. As can be seen in Figure 1A, both the 30- and 90-mg
dose significantly increased the latency to tail-flick compared
with vehicle controls. There was also a tendency for an in-
creased latency to vocalize to the heat stimulus in the 30-mg
treatment group, but this was not significant (F (2, 26)¼ 3.23,
p¼ 0.06; Fig. 1B). There was no effect of drug dose on the
latency to tail-flick to the incremented shock stimulus (F (2,
26)¼ 2.01, p> 0.05; Fig. 1C). However, there was a main ef-
fect of drug dose on the latency to vocalize in response to
the shock stimulus (F (2, 26)¼ 5.41, p< 0.05). As shown in
Figure 1D, the 90-mg dose of morphine significantly increased
the latency to vocalize when compared with vehicle controls
and subjects treated with 30 mg of morphine ( p< 0.05).

It should be noted that even the highest (90 mg) dose of i.t.
morphine did not eliminate reactivity to noxious stimulation
(Fig. 1A,D). There was no evidence of motor paralysis on the
tail-flick tasks, or the elimination of a vocal response within a
treatment group. These data suggest that despite achieving
significant analgesia with i.t. morphine treatment, relative to
vehicle controls, the doses were not at the threshold required
for complete analgesia.

Intrathecal morphine undermines recovery
of locomotor function

Locomotor scores, collected before treatment on day 1, did
not differ across treatment groups (F (2, 21)< 1.0, p> 0.05;
Fig. 2). Mean BBB scores on day 1 ranged from 1.81� 0.35
(prior to transformation BBB score¼ 2.11� 0.46) for the
vehicle-treated group, to 2.06� 0.56 (prior to transformation
BBB score¼ 2.55� 0.70) for subjects treated with 30mg of i.t.
morphine.

Morphine treatment resulted in a dose-dependent attenua-
tion of locomotor recovery, assessed with the BBB scale, after
injury. Using day 1 scores as a covariate, an ANCOVA verified
that there was a significant main effect of drug dose on re-
covery (F (2, 20)¼ 5.33, p< 0.05) and a significant interaction
between drug dose and days of recovery (F (22, 220)¼ 1.77,
p< 0. 05). As can be seen in Figure 2, treatment with the 90-mg
dose significantly attenuated locomotor performance com-
pared with vehicle controls. Trend analyses revealed a sig-
nificant linear relation between average locomotor scores of the
groups over days 13–21, when performances had stabilized

744 HOOK ET AL.



(F¼ 6.43, p< 0.05). Post hoc analyses comparing the group
means confirmed that subjects treated with the 90-mg dose of
morphine recovered significantly less motor function than
vehicle treated controls ( p< 0.05; Fig. 2B).

Motor recovery was further assessed at the end of the
21-day recovery period using the tapered beam and ladder
walk tests. There was no effect of drug dose on the beam walk
task (Fig. 3A). There was, however, a significant main effect
of drug dose on the ladder test (F (2, 18)¼ 3.66, p< 0.05). Sub-

jects treated with 90 mg of morphine made significantly more
footfalls than subjects treated with 30mg of morphine on this
task (Fig. 3B). The performance of subjects treated with ve-
hicle and 90 mg of morphine did not differ significantly.

Effects of intrathecal morphine on sensory function

There was no effect of morphine on either motor or vocal
reactivity to mechanical stimuli, assessed 21 days after injury

FIG. 1. Morphine efficacy was determined by comparing motor and vocal responses to noxious stimulation given before
and after intrathecal morphine administration (day 1 post-injury). Change from baseline scores (response after morphine
treatment-response before morphine treatment) is depicted. As can be seen in the graphs, the 90-mg dose of intrathecal
morphine produced significant analgesia at both a spinal and supraspinal level. Both the 30- and 90-mg dose significantly
reduced the latency to flick the tail away from a noxious heat stimulus when compared to vehicle controls (A). There was also
a tendency for an increased latency in vocal response to the heat stimulus in the 30-mg treatment group, but it was not
significant (B). The 90-mg dose did not affect the motor response to incremented shock (C), but it did increase the latency to
make a vocal response to the shock stimulus when compared with subjects treated with 0 or 30mg of morphine (D). n¼ 8 for
all groups, and in all figures, **p< 0.05.

FIG. 2. There was a dose-dependent attenuation of locomotor function throughout the 21-day recovery period (A). Indeed,
subjects treated with 90 mg of intrathecal morphine displayed significantly lower levels of recovery from days 13–21, when
locomotor performances had stabilized, than vehicle controls (B). In fact, the 90-mg dose appeared to completely undermine
recovery: these subjects began with a converted Basso, Beattie and Bresnahan (BBB) score of 2 prior to treatment and did not
improve on the converted (or untransformed) BBB scale.
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(F (2, 15)< 1.33 for both, p> 0.05). There were also no effects
of drug dose on motor or vocal responses to either the heat
or shock stimuli in the chronic phase of recovery.

Effects of morphine on weight gain after injury

A day after injury, prior to drug treatment, mean weights
ranged from 320.33� 5.88 to 333.30� 5.86 and were not sta-
tistically different (F (2, 21)< 1.0, p> 0.05). To control for the
variability observed in starting weight within each group, a
difference score was calculated by subtracting the starting
weight (prior to drug treatment) from the weights observed
across recovery. As shown in Figure 4, vehicle-treated rats
exhibited weight loss over the first week, and then slowly
regained weight over the subsequent two weeks. The impact
of morphine treatment depended on both recovery day and
dose. Immediately after treatment, subjects given 90 mg ex-
hibited greater weight loss, whereas the 30-mg group showed
greater weight loss later in the recovery period. These trends
yielded a significant Dose�Days interaction (F (22, 231)¼
2.46, p< 0.005).

Effects of morphine on autophagia, mortality,
spasticity, and bladder function

The impact of morphine treatment on mortality and au-
tophagia is illustrated in Figure 5A,B. While morphine treat-
ment was associated with greater mortality, this effect did not

approach statistical significance. (To achieve a balanced de-
sign, additional subjects were folded into the experimental
groups when a subject died. To assess whether this affected
the results obtained for locomotor recovery, we examined
whether the pattern of results changed when we excluded the
added subjects. An ANCOVA verified that there was no
change in the overall pattern of results.) Morphine treatment
did appear to enhance autophagia, but this effect did not
reach statistical significance (w2 (2)¼ 5.33, p¼ 0.07). Morphine
treatment had no effect on spasticity (w2 (2)< 1.0, p> 0.05) or
the recovery of bladder function (F (2, 21)< 1.0, p> 0.05).

Intrathecal morphine increases tissue loss
rostral to the site of injury

There was no effect of morphine at the lesion center, for any
histological indice. The relative lesion (damageþmissing),
and areas of remaining gray and white matter were compa-
rable across groups. Similarly, no significant effects of drug
dose were found caudal to the injury site. In sections rostral
to the injury site, however, significant group differences
emerged. Morphine significantly affected the relative lesion
area and the area of gray matter remaining rostral to the injury
site. Although there was no main effect of dose on the relative
lesion (F (2, 14)¼ 2.32, p> 0.05), there was a significant
Dose�Section Level interaction (F (6, 42)¼ 2.74, p< 0.05). As
shown in Figure 6, subjects treated with 90mg of morphine

FIG. 3. Despite achieving analgesic efficacy, subjects treated with 90mg of morphine displayed lower levels of motor
recovery on the ladder task. There was no significant effect of drug dose on the beam walk task (A). However on the ladder
task, subjects treated with 90mg of morphine made significantly more footfalls than the subjects treated with 30 mg of
morphine (B). **p< 0.05.

FIG. 4. Both the 30- and 90-mg dose of morphine increased weight loss over the recovery period relative to vehicle controls.
Changes from baseline weights (weights after day 1�weights on day 1) are depicted across the recovery period (A). Despite
beginning at comparable weights, subjects treated with morphine lost weight after morphine treatment and did not regain
this weight during the 21-day recovery period. The mean weight loss (�SEM) for each treatment condition is shown (B).
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displayed a higher percentage relative lesion across the
1800 mm rostral to the injury site. Individual ANOVAs con-
firmed that subjects treated with 90mg of morphine had a
larger percentage relative lesion rostral to the injury com-
pared with the 30-mg group (F (1, 8)¼ 12.87, p< 0.01). No
other significant differences emerged between groups for this
measure. The increased damage in morphine-treated subjects
appeared to be due to a loss of gray matter. Although there
was no main effect of dose (F (2, 14)¼ 1.61, p> 0.05), there was
a significant Dose�Section Level interaction for the percent-
age gray remaining (F (6, 42)¼ 2.65, p< 0.05). Individual
comparisons between percentage gray in subjects treated with
90 mg of morphine and the 30-mg group revealed a main effect
of dose (F (1, 8)¼ 5.52, p< 0.05), and a Dose�Section Level
interaction (F (3, 24)¼ 4.58, p< 0.05). Subjects treated with
90 mg of morphine lost significantly more gray matter rostral
to the injury compared to the 30-mg group, but no differences
emerged in comparisons to the vehicle group. There were also
no significant effects of dose on the percentage white matter
remaining rostral to the lesion. Interestingly, there was also a
significant Dose�Section Level interaction for the percentage
damage rostral to the injury (F (6, 42)¼ 3.04, p< 0.05), an ef-
fect due to higher levels of damage in subjects treated with
30 mg of morphine relative to the 90-mg group and vehicle
controls (Fig. 6). Individual ANOVAs indicate that, rather
than ‘‘missing’’ tissue rostral to the lesion, subjects treated
with 30 mg of morphine displayed larger cystic formations and
areas of dense gliosis than subjects in the other groups. There
were significant Dose�Section Level interactions when per-
centage damage was compared for the vehicle and 30-mg
treatment groups (F (3, 27)¼ 5.15, p< 0.05), and the 30-mg and
90-mg conditions (F (3, 24)¼ 5.44, p< 0.01). There was no
significant difference in the percentage damage for the 90-mg
treatment group compared with vehicle controls.

Discussion

Morphine (i.t.) applied in the acute phase of injury signifi-
cantly attenuated long-term motor recovery and general
health. Subjects treated with a single dose of 30 or 90mg of
morphine displayed significantly lower levels of motor re-
covery than vehicle controls. In fact, subjects treated with the
90-mg dose recovered very little motor function over the
21-day assessment period. In addition to locomotor function,
treatment with the 90-mg dose of morphine increased lesion
size rostral to the injury site, decreased weight gain, and in-

creased autophagia. These data extend the results of the sys-
temic study (Hook et al., 2007), demonstrating that changes in
the central molecular environment may leave the injured
spinal cord vulnerable to the adverse effects linked with
morphine administration. Morphine (i.t.) is sufficient to un-
dermine recovery.

Effects of morphine on motor recovery

The data presented here indicate that even relatively low
doses of morphine in the acute phase of a contusion injury
significantly attenuate recovery of motor function. In fact, the
90-mg dose, which was required to achieve significant anal-
gesia (for both types of nociceptive stimuli and for spinal and
supraspinal measures; Fig. 1) when compared with vehicle
controls, not only undermined general locomotor recovery it
also attenuated fine motor control on the ladder task in sub-
jects tested 3 weeks after morphine administration. These data
show that i.t. administration increases the adverse effects of
morphine on motor recovery, when compared with systemic
administration (Hook et al., 2007). In the clinical setting, SCI
patients will generally receive systemic morphine for the initial
treatment of acute pain. In cases of epidural administration,
however, these data caution against morphine use in the early
phase of treatment. These data also underscore the impor-
tance of further investigation of the window of vulnerability
to i.t. morphine in the contusion model.

To our knowledge, this is the first study to report long-term
adverse effects of morphine on recovery of motor function.
Others have found, however, that relatively low doses of i.t.
morphine can transiently impair motor function (Kakinohana
et al., 2003; Yaksh et al., 2003; Fuchigami et al., 2006). Using a
clinically low dose of i.t. morphine (30mg), Kakinohana et al.
(2003) found that treatment potentiated transient motor dys-
function following a noninjurious interval of spinal ischemia.
The paraparesis observed in this study lasted only 4.5 h, but
histological analyses of the spinal cords 48 h after morphine
treatment revealed an occasional presence of dark-staining
a-motoneurons. Kakinohana et al. (2003) suggest that these
dark motoneurons may be markers of pre-degenerative neu-
ronal injury that was aggravated by the administration of
opioids.

Yaksh et al. (2003) also reported that chronic (7þ days) i.t.
infusion of morphine resulted in the development of spastic-
ity and motor dysfunction in intact dogs. Morphine produced
a time and dose-dependent attenuation of motor function due

FIG. 5. The incidence of mortality (A) and autophagia (B) are presented for each of the groups. While mortality did not
differ significantly across groups, treatment with both the 30 and 90 mg of intrathecal morphine more than doubled the
incidence of autophagia compared with vehicle controls.
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to the development of local inflammatory masses forming at
the catheter tip and compressing the spinal cord (causing
upper motor neuron lesions). These inflammatory masses
consisted of accumulations of neutrophils, monocytes, mac-
rophages, and plasma cells, and displayed significant IL-1b,
TNF-a, iNOS, and eNOS immunoreactivity (Yaksh et al.,
2003). Importantly, the development of inflammatory masses
was not simply related to catheter placement or infusion

per se as it was not observed in saline or clonidine controls.
Instead it appears that the infusion of morphine led to the
development of aseptic i.t. masses. These findings have been
replicated in sheep (Gradert et al., 2003) and observed in
human patients (Coffey and Burchiel, 2002; Follett, 2003).
Alarmingly, in human patients these inflammatory masses
have been reported to result in paraplegia and significant
spinal cord lesions (Coffey and Burchiel, 2002). Morphine

FIG. 6. There were significant effects of morphine on lesion size and the amount of gray tissue remaining rostral (left
column) to the center of the injury. In particular, the 90-mg treatment group had significantly more relative lesion (%
damageþ% missing) rostral to the injury site with less gray and white matter sparing. Data for the center of the lesion
(middle column) and caudal to the lesion center (right column) are also depicted.
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appears to induce a local inflammatory response in the spinal
cord, thereby producing neurological changes that can sig-
nificantly undermine motor and sensory function.

The interactions between morphine and the immune sys-
tem are particularly important in the contusion model. In-
flammation is a hallmark of an acute spinal contusion injury
(Popovich and Jones, 2003). Within minutes of injury, there
are elevated levels of pro-inflammatory cytokines in the
damaged spinal tissue. Recently, Kigerl et al. (2007) demon-
strated that the toll-like receptors (TLRs), TLR2 and TLR4,
play a significant role in regulating inflammation and gliosis
after SCI. TLR4 mutant (C3H=HeJ) and TLR2 knockout mice
had impaired locomotor recovery after SCI, and reduced ex-
pression of pro-inflammatory cytokines (IL-1b and TNF-a).
These data suggest that TLRs are important for coordinating
pathophysiological changes after SCI, providing a form of
neuroprotection under normal activation conditions. Inter-
estingly, emerging evidence suggests that the TLR4 receptor
also plays a significant role in morphine tolerance and the
development of ‘‘paradoxical pain’’ with chronic morphine
exposure (Tanga et al., 2005; Hutchinson et al., 2007; Ledeboer
et al., 2007). Morphine appears to activate spinal glia through
non-classic opiate receptors, such as the TLR4 receptor, po-
tentiating the release of neuroexcitatory substances including
pro-inflammatory cytokines, nitric oxide, reactive oxygen
species, and pro-inflammatory chemokines (Watkins et al.,
2007). As even acute morphine exposure appears to in-
crease the expression of TLR4 at both the transcriptional
and translational levels (Hutchinson et al., 2007), these data
have significant implications for the contusion model. Acute
morphine administration may disturb a critical balance in
immune cell activation in the injured spinal cord, disrupting
the normal physiological sequelae underlying recovery of
function after injury and resulting in the adverse effects of
morphine seen in the present study. Indeed, emerging evi-
dence suggests that a maladaptive response of glial cells to
injury (‘‘gliopathy’’) may underlie the development of neu-
ropathic pain in a contusion model (Crown et al., 2008; Detloff
et al., 2008; Hulsebosch, 2008).

Loss of tissue rostral to the injury in the rats treated with
90 mg of morphine may be one consequence of the increased
glial activation. While increased levels of pro-inflammatory
cytokines have not been documented after a single lum-
brosacral i.t. infusion of morphine in intact rats (10mg)
( Johnston et al., 2004), the vulnerable state of the contused
cord is likely to potentiate the effects of morphine. Indeed,
Raghavendra et al. (2002) found that the development of
tolerance and increased pro-inflammatory cytokine levels are
exaggerated in nerve-injured rats exposed to chronic mor-
phine administration. Increased levels of pro-inflammatory
cytokines, and other neuroexcitatory substances, have sig-
nificant implications for recovery at multiple levels. First, pro-
inflammatory cytokines and chemokines appear to reduce the
acute analgesic efficacy of morphine ( Johnston et al., 2004).
Second, these substances have also been implicated in the
development of morphine tolerance (Raghavendra et al.,
2002; Watkins et al., 2007), an effect that may be mediated,
in part, by the downregulation of spinal cord dorsal horn
GLAST and GLT-1 glutamate transporters (Tai et al., 2006)
and in increased levels of extracellular excitatory amino acids
(Mao et al., 2002; Tai et al., 2006). Unfortunately, any increase
in glutamate levels due to morphine would further exacerbate

the elevated concentrations observed in the acute phase of
spinal injury (McAdoo et al., 1997). Increased levels of excit-
atory amino acids, in turn, may contribute to the development
of paradoxical pain with sensitization of pain transmission
neurons (Watkins et al., 2007), due to the phosphorylation and
upregulation of AMPA (De Vry et al., 2004) and NMDA (Chen
and Huang, 1991; Viviani et al., 2003) receptors with a con-
current decrease in GABA receptor levels (Stellwagon et al.,
2005). A rise in extracellular glutamate levels could then sat-
urate neuronal NMDA and AMPA receptors promoting in-
creased neuronal excitability as well as excitotoxicity, and the
death of spinal neurons. Overall, morphine combined with an
intrinsic inflammatory response in the acute contusion injury
model is likely to enhance neuronal excitability ultimately
potentiating the development of acute morphine tolerance,
‘‘paradoxical pain,’’ and the exacerbation of lesion size.

It should also be noted that there appeared to be a dose-
dependent effect of morphine on the loss of tissue rostral to
the injury site. There was increased relative lesion and de-
creased gray matter sparing in subjects treated with 90mg of
morphine relative to those treated with 30 mg. These data
further suggest that the detrimental effects of morphine may
be due to the disruption of a critical balance between benefi-
cial and toxic effects dependent on cytokine concentrations
(Yang et al., 2005). In the acute phase of injury, intrinsic im-
mune activation appears to be necessary for the resolution of
injury, with the removal of damaged and dying cells (Kigerl
et al., 2007), and it is essential for initiation of the early phases
of tissue repair (Li et al., 2001). Based on these beneficial
components of immune activation some have advocated
amplifying the acute immune response (Rapalino et al., 1998;
Schwartz et al., 1999; Schwartz and Kipnis, 2001). Others,
however, caution against this approach (Popovich and Jones,
2003). Our data suggest that the arguments of both sides of
this controversy may be equally valid, but that the margins for
manipulating immune function may be very narrow. While
30mg of morphine may have increased the beneficial effects of
immune function in the injured spinal cord, a single injection
of 90 mg of morphine tipped the balance toward detrimental
effects. Further studies of the dose-dependent effects of i.t.
morphine are warranted.

The loss of neural tissue rostral to the injury site may ex-
plain the lack of motor recovery seen in the subjects treated
with 90 mg of i.t. morphine. Alternatively, attenuation of re-
covery may result from a loss in functional plasticity because
of the saturation of neural circuits mediating motor behaviors.
Other studies in our laboratory focus on spinal cord learning,
using a transection model in which communication between
the brain and the spinal cord is eliminated. These studies have
repeatedly demonstrated that the isolated spinal cord is able
to learn response-outcome (instrumental) relationships (Grau
et al., 1998, 2006; Crown et al., 2002). This capacity for learn-
ing, however, is blocked when subjects are exposed to pe-
ripheral inflammatory agents, such as intradermal capsaicin
and formalin (Ferguson et al., 2006; Hook et al., 2008). Cap-
saicin and formalin generate a state of ‘‘central sensitization’’
in the spinal cord. Central sensitization results in the poten-
tiation of responses of nociceptive neurons in the spinal dorsal
horn (Simone et al., 1991; Willis, 2002), and is thought to be
one mechanism underlying the development of neuropathic
pain. Central sensitization may also induce a diffuse state of
overexcitation in the spinal cord that saturates plasticity and
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precludes the subsequent learning of selective response-
outcome relations (Ferguson et al., 2006; Hook et al., 2008). In
a spinal contusion model accompanying peripheral injuries
and=or acute morphine exposure, as discussed above, may
also saturate spinal neural circuits that are necessary for ‘‘re-
learning’’ or recovering basic locomotor functions (Edgerton
et al., 2001). Interestingly, the spinal circuits mediating in-
strumental learning are localized to the L4-S2 region of the
cord (Liu et al., 2005), which is essentially the same location as
the central pattern generator supporting locomotor behavior
(Langlet et al., 2005; Barthelemy et al., 2006; Lavrov et al.,
2006).

Effects of morphine on weight, mortality,
and autophagia

In addition to the adverse effects on locomotor recovery,
treatment with 30 and 90mg of i.t. morphine severely com-
promised the general health of the subjects. These subjects
lost significantly more weight than the vehicle-treated sub-
jects throughout the recovery period, and displayed more
than twice the incidence of autophagia. In fact, we have rep-
licated the effects of 90mg of morphine on autophagia in a
subsequent study. Combining data across the two studies, we
have found that morphine significantly increases the inci-
dence of autophagia (n¼ 18 for each group, w2 (1)¼ 5.79,
p< 0.02). These data suggest that like systemic morphine, i.t.
morphine produces symptoms of neuropathic pain. (Autop-
hagia is thought to result from neuropathic pain in animals
and humans with central nervous system lesions [Mailis,
1996; Frost et al., 2008].)

For weight loss, all groups initially lost some weight fol-
lowing surgery, but whereas subjects in the vehicle treatment
group began to regain weight, those in the 30- and 90-mg
groups did not. The cause of the demise in general health is
difficult to explain given that morphine was applied only once
at the spinal level. It is possible, however, that sensitization of
pain transmission neurons in the spinal cord, and an en-
hanced release of Substance P from presynaptic terminals
affected the function of the hypothalamic-pituatary-adrenal
(HPA) axis and the stress response of subjects treated with
morphine. Choi et al. (2004) found that a single i.t. injection of
Substance P significantly increased c-fos mRNA levels in the
HPA axis, an effect that was consistently demonstrated with
repeated i.t. injections. Long-term changes in pain processing
at the level of the spinal cord may dramatically alter the stress
response of subjects treated with i.t. morphine. Both the
weight loss and autophagia could be indicative of increased
stress responses in these treatment groups. This alarming
consequence of i.t. morphine administration must be further
investigated.

In contrast to the systemic study, i.t. morphine did not in-
crease mortality. It is tempting, therefore, to suggest that the
effects of mortality were due to morphine’s actions at a non-
spinal site. It should be noted, however, that in the systemic
model mortality was increased only when morphine admin-
istration was combined with a nociceptive shock stimulus.
Mortality did not occur with systemic morphine administra-
tion alone. In the present study, the mortality that did occur in
the morphine- treated groups occurred long after adminis-
tration (average mortality¼ 7.8 days) and appeared to par-
allel a decrease in general health, including the loss of weight

and the development of more severe signs of autophagia. We
hypothesize that, like autophagia and weight loss, the mor-
tality seen in the systemic model reflects potentiation of a
stress response and a demise in general health, rather than any
direct effects of morphine.

Clinical implications

The data presented here suggest that morphine given in the
acute phase of a contusion injury, and particularly i.t. mor-
phine, can severely compromise recovery of function at
multiple levels. Because of the dramatic effects of this treat-
ment, we suggest that morphine should not be used as an
analgesic in the acute phase of injury. However, as previously
noted, morphine is one of the most effective analgesics for the
treatment of neuropathic pain after a SCI and is, therefore,
indispensable for this population. Neuropathic pain symp-
toms tend to develop 6 months to 5 years after injury, pre-
sumably as sensory functioning increases. At this stage of
injury, morphine’s adverse effects may not be as dramatic, but
this is unknown. Indeed, glial priming in the acute phase of
injury may leave the spinal cord vulnerable to the effects of
morphine long after the immediate inflammatory response
has subsided. Given the prevalence of neuropathic pain in the
spinally injured, and its significant effect on quality of life, it is
essential that we further investigate the molecular mecha-
nisms underlying the efficacy and secondary consequences of
prescribed analgesics in these populations. In particular, the
data presented here must challenge us to identify the mech-
anisms underlying the development of neuropathic pain and
the interactions between morphine and molecular changes
inherent to a SCI.
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