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Effect of postinjury intravenous or intrathecal methylprednisolone on spinal

cord excitatory amino-acid release, nitric oxide generation, PGE2

synthesis, and myeloperoxidase content in a pig model of acute

spinal cord injury
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Study design: Prospective, randomized, in vivo acute spinal cord injury in pigs.
Setting: Department of Anesthesiology, University of Washington, Seattle, WA, USA.
Objectives: To determine whether postinjury methylprednisolone could reduce the generation
of known mediators of secondary neurological injury.
Methods: Intrathecal microdialysis probes were used to sample cerebrospinal fluid (CSF) for
measurement of PGE2, glutamate, and citrulline (a byproduct of nitric oxide generation), before
and after spinal cord injury in anesthetized pigs. The spinal cord was removed at the end of the
study for measurement of myeloperoxidase and methylprednisolone concentrations. Animals
were randomly allocated to receive intravenous methylprednisolone (30mg/kg bolus then
3.4mg/kg/h), intrathecal methylprednisolone (5mg bolus then 5mg/h), or saline, beginning
30min after the spinal cord was injured by using a modification of the Allen weight drop
technique.
Results: Spinal cord injury significantly increased the amount of glutamate, PGE2,
myeloperoxidase, and citrulline, recovered from the CSF dialysates. However, neither
intravenous nor intrathecal methylprednisolone administered after injury had any effect on
the magnitude of the increase in any of the measured biochemicals. Intrathecal methylpredni-
solone administration produced a spinal cord methylprednisolone concentration that was eight
times greater, and a plasma concentration that was 32 times less, than that achieved with
intravenous administration.
Conclusions: Contrary to earlier animal studies in which methylprednisolone was administered
either before or immediately after spinal cord injury, we found no effect of intravenous or
intrathecal methylprednisolone on any of the parameters measured when administered 30min
postinjury.
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Introduction

Multiple animal studies have shown that high-dose
methylprednisolone treatment of acute spinal cord
injury results in a reduction in biochemical mediators
of secondary neurological injury1–6 and significantly
improved neurological function.7–11 Unfortunately, re-
sults in humans have been less sanguine. For example,
while the National Acute Spinal Cord Injury Studies
(NASCIS I, II, and III) demonstrated improvement in

neurological function in patients given high-dose
methylprednisolone within 8h of spinal cord injury,12–17

the improvement was modest at best. In addition,
multiple other clinical studies have failed to demonstrate
any neurological benefit of high-dose methylpredniso-
lone therapy following acute spinal cord injury in
humans.18–21

One possible explanation for the differences in
methylprednisolone’s efficacy when comparing human
and animal data is that in animal studies, methylpred-
nisolone is almost invariably administered prior to
spinal cord injury, or immediately after injury.2–4,6 In
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contrast, in the human clinical situation, the time
necessary for patient transport and work-up can delay
methylprednisolone administration until many hours
after the spinal cord injury. Consequently, it is unclear
to what extent the experimental animal data can be
extrapolated to the human clinical setting.
To address this issue, we developed a pig model of

acute spinal cord injury that permits measurement
of multiple mediators of secondary neuronal injury (ie,
nitric oxide (NO), PGE2, glutamate, aspartate, myelo-
peroxidase). These mediators were chosen for study
because their concentration had been shown to be
reduced by methylprednisolone therapy in animal
models wherein methylprednisolone was administered
prior to, or immediately after, spinal cord injury. We
compared the effect of spinal cord injury on the
elaboration of these biochemical mediators in control
animals and in two groups of animals treated 30min
after spinal cord injury, with either intravenous or
intrathecal methylprednisolone. We chose the 30-min
time point because we reasoned that this was the earliest
time after injury that humans could possibly receive
high-dose methylprednisolone (eg, from paramedics
during transport). In addition, we compared the
conventional intravenous route of methylprednisolone
administration with the intrathecal route to determine
whether the much higher methylprednisolone concen-
trations achieved with intrathecal delivery offered any
advantage over intravenous administration.

Materials and methods

The University of Washington Animal Care and Use
Committee approved all studies. Guidelines of the
Association for Assessment and Accreditation of
Laboratory Animal Care were followed throughout.
Farm-bred pigs of both genders weighing 18–22 kg were
used. Animals were housed as groups in rooms with 12-h
light–dark cycles, ad libitum access to water, and twice
daily feedings of pig chow.

Surgical preparation
On study days, the animals were anesthetized by mask
inhalation of isoflurane (6% inspired concentration) in
oxygen, paralyzed with intramuscular succinylcholine
(200mg), and orotracheally intubated. Anesthesia was
maintained with 1.5% isoflurane (inspired concentra-
tion) in oxygen. The lungs were mechanically ventilated
to maintain end-tidal CO2 at 36–40mmHg. Tempera-
ture was maintained at 37–381C by a servo-controlled
heating pad connected to a rectal temperature probe.
An intravenous catheter was placed in a femoral

artery via cut down for blood pressure monitoring, and
a second catheter was placed in the adjacent femoral
vein for maintenance fluid and methylprednisolone
administration. Maintenance fluid (lactated Ringer’s)
was administered at 4ml/kg/h, and contained pan-
curonium bromide (0.06mg/ml) to maintain muscle
paralysis.

A 1.5 cm length of spinal cord was exposed by
laminectomy at the T13 vertebral level and the site
was covered with a saline-soaked gauze until subsequent
weight drop injury. Laminotomies measuring approxi-
mately 0.5 cm2 were made on the right and left sides of
the L2 and T5 vertebrae to permit microdialysis probe
insertion into the subarachnoid space (see Microdialysis
probe manufacture below). One dialysis probe was
inserted through each laminotomy. Microdialysis
probes inserted at the L2 level were directed cephalad
to lie on the right and left side of the spinal cord segment
that was to be injured. Microdialysis probes inserted at
T5 were also directed cephalad and served as a control
site, distant from the injury. Samples from one micro-
dialysis probe at each level were used for measuring
PGE2 concentrations, while samples from the second
microdialysis probe were used for measuring glutamate,
aspartate, and citrulline concentrations.
An epidural catheter (Arrow International, Reading,

PA, USA) was also inserted 1 cm into the subarachnoid
space, through a laminotomy at L4 to permit intrathecal
methylprednisolone or saline infusion (see Drug admin-
istration below). The laminotomies were then sealed
with cyanoacrylate glue.

Microdialysis probe manufacture
Microdialysis probes were prepared from cellulose
microdialysis fibers (Spectrum Medical Industries,
Houston, TX, USA) with a 215-mm inside diameter, a
235-mm outside diameter, and a molecular weight cutoff
of 6000Da. Epoxy cement was used to coat all but the
center 2 cm of the fiber, thus creating a 2-cm dialysis
window. Epoxy was spread evenly over the fiber by
running a 2 cm length of polyethylene 10 (PE-10) tubing
over the fiber while the epoxy was still wet. PE-10 tubing
had an inside diameter of 280 mm, and thus, the dialysis
probe had a final outside diameter of 280 mm. To
facilitate placement of the dialysis probes within the
cerebrospinal fluid (CSF) and to prevent kinking of the
dialysis fiber, a 90 mm diameter tungsten wire was
inserted into the lumen of the dialysis probe, and bent
at the center of the dialysis window, thereby creating
a microdialysis loop. A 0.5mm cone-shaped length of
silicone caulk was placed approximately 0.5mm from
the dialysis window. To prevent CSF leak, this elastic
cone was wedged into the meningeal hole through which
the probes were inserted into the CSF. All probes were
allowed to ‘cure’ for at least 12 h before implantation,
and were used within 48 h of manufacture.

Microdialysis technique
Mock CSF (NaCl 140mEq, NaHCO3 25mEq, KCl
2.9mEq, MgCl2 0.4mEq, urea 3.5mEq, glucose
4.0mEq, CaCl2 2.0mEq, pH 7.38–7.42, 295mOsm)
was pumped through the dialysis probes at 10 ml/min.
Mock CSF was oxygenated and pH adjusted by
bubbling with 95% O2/5% CO2.
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Beginning 30min after starting dialysis, dialysate
samples were collected from both probes at 15min
intervals (150 ml samples) for subsequent measurement
of excitatory amino acids and PGE2 concentrations. To
prevent amino-acid and prostaglandin metabolism, the
dialysate samples were collected into plastic bullet
tubes immersed in a water ice bath. Immediately
after completing the collection of each sample, the
bullet tube was removed from the ice bath, capped, and
placed on water ice until frozen at �201C for later
analysis.

Spinal cord injury
Baseline dialysis samples were collected for 105min
during when the spinal cord was injured using a weight
drop technique. Specifically, a cylindrical steel ‘impac-
tor’ measuring 1 cm in diameter and 3 cm in length was
gently set on the surface of the previously exposed spinal
cord (T13). A 1.25 cm diameter aluminum tube was
positioned vertically over the impactor; and that served
as a guide to ensure that the dropped weight hit the
impactor squarely. The inner surface of the tube had
previously been ‘lubricated’ with graphite to minimize
friction between the dropped weight and the impactor.
The steel weight dropped through the guide tube and
onto the impactor weighed 25 g and was dropped from
a height of 45 cm. The impactor and the weight were
immediately removed from the injured spinal cord and
the cord covered with a saline-soaked gauze.

Drug administration
Animals were prospectively randomized into one of the
three groups. Group 1 served as the control and received
intrathecal saline (100 ml/min� 1min, followed by
100 ml/h for the remainder of the study). Group 2
received intravenous methylprednisolone (30mg/kg
bolus over 10 s, followed by a 5.4mg/kg/h intravenous
infusion; methylprednisolone concentration¼ 50mg/ml)
and an intrathecal saline infusion at the same rate as the
control group. Group 3 received intrathecal methyl-
prednisolone (100 ml/min� 1min, followed by 100 ml/h
for the remainder of the study; methylprednisolone
concentration¼ 50mg/ml). Methylprednisolone/saline
administration was begun 30min after spinal cord
impact.

PGE2, amino-acid, myeloperoxidase, and
methylprednisolone assay
Myeloperoxidase assay Myeloperoxidase activity was
assayed using a variation of the technique described by
Carlson et al.22 Briefly, immediately at the end of the
study, the descending aorta was cannulated with a 12G
catheter, and the animal perfused under pressure
(300mmHg) with 5 l of ice-cold saline to remove all
blood.
After saline perfusion, the injured spinal cord section

and two 1 cm sections cephalad and caudad of the

injured segment were removed. As a control, a 1 cm
spinal cord section 10 cm cephalad of the injured
segment was also removed. These specimens were
weighed and placed in ice-cold 50mM phosphate-
buffered saline (PBS) containing 0.5% hexadecyltri-
methylammonium bromide (HTAB). The volume of
PBSþHTAB was 10ml/g tissue. The tissue was then
homogenized for 1min at 41C with a Teflon/glass
homogenizer, and the homogenate centrifuged at
2000 g for 10min. The resulting supernatant was
removed and the pellet resuspended in 1ml
PBSþHTAB and the specimen homogenized and
centrifuged again as described above. The pellet was
resuspended, sonicated for 10 s, exposed to three freeze/
thaw cycles in an acetone-dry ice bath, sonicated for an
additional 10 s, and centrifuged at 10 000 g for 30min.
The resultant supernatant was immediately frozen at
�201C until assayed for myeloperoxidase. This extrac-
tion method produced a myeloperoxidase recovery
averaging 77711%.
The myeloperoxidase assay solution (50mM PBS,

0.167mg/ml o-dianisidine, 0.0005% hydrogen peroxide)
was made up fresh each day. The assay solution (2.9ml)
was warmed to 381C and placed in a spectrophotometer
cuvette. The sample to be assayed (0.1ml) was added
to the assay solution, the solution mixed by inverting
the cuvette five times, and the absorbance at 460 nm
recorded every 15 s for 3min. Myeloperoxidase cata-
lyzed a reaction to generate an oxygen free radical from
hydrogen peroxide and the free radical reacted with
o-dianisidine to produce a colored product that absorbs
light at 460 nm. The rate at which the colored product is
produced is proportional to the amount of myeloper-
oxidase present. The absorbance was plotted against
time, and the method of least squares was used to
determine the slope through the data points. Myeloper-
oxidase content was determined by comparing the
measured slope with the slope generated from standard
solutions containing known amounts of myeloperox-
idase (Calbiochem, San Diego, CA, USA).

Glutamate, aspartate, and citrulline assay Glutamate,
aspartate, and citrulline concentrations were measured
using 6-aminoquinolyl-N-hydroxysuccinimidyl carbo-
nate (AQC) derivatization and a high-performance
liquid chromatography (HPLC)/mass spectroscopy
assay modified from DeAntonis et al23 and Cohen
et al.24

Briefly, the derivatizing reagent, AQC, was synthe-
sized according to the method of Cohen et al.24

Dialysate samples were thawed on ice and 20 ml was
added to 12� 75mm glass tubes. A measure of 20 ml of
internal standard (20 ng/ml phosphoserine in water) was
added to each tube. Borate buffer (40 ml, 0.2M, pH 8.8)
was added to each tube, followed by 20 ml AQC reagent.
The solution was mixed well and incubated at room
temperature for 1min and then mixed again. The
resultant solution was transferred to an autosampler
vial and capped with a Teflon-lined crimp cap. The
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solution was incubated at 551C for 10min and allowed
to cool to room temperature. A measure of 10 ml of this
solution was injected onto the HPLC.
The HPLC (Agilent Technologies series 1100; Palo

Alto, CA, USA) was fitted with a C18 column (Restek
Allure model 9164572; Bellefonte, PA, USA), and the
mobile phase consisted of 85% 20mM ammoniun
acetate, 0.02% N,N-dimethylhexylamine (pH 5.5),
and 15% acetronitrile at a flow rate of 0.250ml/min
from 0 to 5.2min and then 0.3ml/min until 8min.
Post-time flow was 0.250ml/min for 1.5min.
The column temperature was 451C and the sample
temperature 251C.
The mass spectrometer (Agilent Technologies series

1100; Palo Alto, CA, USA) was set in high-resolution
mode using selective ion monitoring of ions 304m/z
(aspartate), 318m/z (glutamate), 346m/z (citrulline), and
356m/z (phosphoserine). Fragmentor was 70V, gain 1,
and dwell 294ms, for all. Nitrogen drying gas flow was
10 l/min at 3501C. Quadrupole temperature was 1001C.
Nebulizing gas was nitrogen at a pressure of 35 psig.
Capillary voltage was 2500V.
A standard curve was run for each amino acid using

standards prepared in water from commercially pur-
chased amino acids (Sigma-Aldrich, St Louis, MO,
USA). The standards were run as described above for
the dialysate samples.

PGE2 assay PGE2 concentration in CSF dialysate was
analyzed using a commercial enzyme immunoassay kit
(Assay Designs Inc., Ann Arbor, MI, USA) according
to the manufacturer’s directions.

Methylprednisolone assay Methylprednisolone concen-
tration was measured in blood removed at the end of
each experiment and spinal cord removed immediately
after saline perfusion as described above. Following
saline perfusion, an approximately 1 cm long section of
spinal cord was removed 3 cm cephalad of the injured
spinal cord segment and immediately frozen at �201C
until later analyzed for methylprednisolone content. On
the assay day, the spinal cord specimens were thawed
on ice, fluoxymesterone added (700 ng) as an internal
standard, the specimen homogenized at 41C, and the
homogenate extracted into methylene chloride. The
remainder of the assay for methylprednisolone in spinal
cord was as follows for plasma.
Blood samples (3ml) were centrifuged at 10 000 r.p.m.

for 5min, and the supernatant frozen at �201C until
assayed for methylprednisolone concentration.
Plasma samples (0.5ml) were placed in a silanized

13� 100 screw-cap culture tubes, and 20 ml of internal
standard (fluoxymesterone 35 ng/ml) and 4ml of methy-
lene chloride were added. The samples were vortexed,
the aqueous layer discarded, and 1.5ml of 0.1N NaOH
and 1.5ml deionized water added. The samples were
vortexed, the tubes centrifuged, and the aqueous layer
again discarded. The methylene chloride phase was

decanted into a clean silanized culture tube and
evaporated under a stream of air at 401C. The residue
was dissolved in 100 ml of HPLC mobile phase and
filtered using a 0.2 mm nylon centrifuge filter; 50 ml was
injected on the HPLC.
The HPLC was a Hewlett Packard 1050 series

(Hewlett Packard, Palo Alto, CA, USA) with auto-
sampler and UV detector. The column was a Supelco
LC-18-DB 150� 4.6mm� 5 mm (Sigma-Aldrich Co.,
St Louis, MO, USA). The mobile phase consisted
of 65% 10mM potassium phosphate monobasic and
35% acetonitrile pumped at 1ml/min. The peaks were
detected at 242 nm. Quantification was based upon peak
height ratios between methylprednisolone and the
internal standard, plotted as a linear regression.

Statistical analysis
Excitatory amino-acid concentrations, citrulline con-
centrations, and PGE2 concentrations were normalized
by dividing each value by the respective baseline
concentration. The baseline concentration was calcu-
lated as the average of the four values collected over the
hour prior to spinal cord injury.
Differences among the three treatment groups in

amino-acid, citrulline, and PGE2 concentrations over
time at the spinal cord injury site and at the proximal
control site were assessed for statistical significance
by repeated measures analysis of variance (ANOVA).
Differences in peak concentrations and time to peak
concentrations were assessed by ANOVA. Differences in
myeloperoxidase and methylprednisolone concentra-
tions were also assessed for statistical significance by
ANOVA. Statview (SAS, Cary, NC, USA) statistical
software was used throughout; Po0.05 was considered
statistically significant.

Results

Peak methylprednisolone concentrations in plasma were
significantly greater in the intravenous methylpredniso-
lone group (325571106 ng/ml) than that in the in-
trathecal methylprednisolone group (100756 ng/ml).
In contrast, ‘steady-state’ spinal cord concentrations of
methylprednisolone were significantly less in the intra-
venous group (111726 ng/g) than that in the intrathecal
group (92471304 ng/g).
Spinal cord impact resulted in an immediate and

statistically significant increase in glutamate, aspartate,
citrulline, and PGE2 concentrations, within the CSF
adjacent to the injury site (Figure 1). However,
compared to the control group, neither the intravenous
or intrathecal methylprednisolone had any statistically
significant effect on the time course, peak concentration,
time to peak concentration, nor area under the
concentration time curve (AUC) for any of these
mediators of spinal cord injury (Figure 1, Table 1). This
was true even if the statistical analysis was limited to the
time period after methylprednisolone was administered.
Interestingly, citrulline concentration remained elevated
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throughout the 4-h study period in all three groups,
while concentrations of the excitatory amino acids and
PGE2 returned to near baseline.
The time course of glutamate, aspartate, and citrulline

concentrations within the CSF adjacent to the thoracic
control site was not significantly different among the
three groups (Figure 2). Similarly, the peak concentra-
tions, time to peak concentrations, and the AUC for
glutamate, aspartate, and citrulline at the thoracic
control site were not different among the three groups
(Table 1). In contrast, the time course for PGE2 in the
intrathecal methylprednisolone group was significantly
different than that of the control group and the
intravenous methylprednisolone groups, which did not
differ from one another (Figure 2). However, this
difference in time course was not reflected by any
differences among the three groups in peak PGE2
concentration, time to peak PGE2 concentration, or
area under the PGE2 concentration versus time curve
at the thoracic control site (Table 1).

Figure 3 shows the average myeloperoxidase concen-
trations in spinal cord segments removed at the end of
each experiment. There were no differences among the
three treatment groups in the average myeloperoxidase
concentrations in the various segments. For the saline
and intrathecal methylprednisolone groups, myeloper-
oxidase concentration was greatest in the injured spinal
cord segment and decreased significantly as a function
of distance from the injured segment. Interestingly, this
was not true for the intravenous methylprednisolone
group. Although myeloperoxidase concentrations were
also greatest in the injured spinal cord segment of the
intravenous methylprednisolone group, myeloperoxi-
dase concentrations in other segments were not sig-
nificantly different as a function of distance.

Discussion

Multiple animal studies have measured the effect of
spinal cord trauma on one or more of the biochemical
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Figure 1 Glutamate (a), aspartate (b), citrulline (c), and PGE2 (d) concentrations (expressed as fraction of baseline concentration)
versus time for dialysate samples collected from CSF adjacent to the injured spinal cord segment (T13). Spinal cord injury occurred
at time¼ 0min. Baseline values were calculated as the average of the four dialysate samples whose collection ended at time¼ 0,
�15, �30, and �45min. There were no statistically significant differences among the three treatment groups for glutamate,
aspartate, citrulline, or PGE2
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mediators of secondary spinal cord injury examined in
this study. However, to our knowledge, this is the first
study to simultaneously examine the early time course of
such a large number of diverse biochemical responses to
acute spinal cord injury. Consistent with earlier studies,
this study demonstrates that acute spinal cord injury
results in a significant increase in excitatory amino-acid
release (glutamate and aspartate), proinflammatory
prostanoid production (PGE2), NO generation (mea-
sured as citrulline by-product), and neutrophil content
(measured as myeloperoxidase). However, we failed to
find any significant effect of methylprednisolone admin-
istration, by either route, on any of these early
mediators of secondary spinal cord injury. The reason
for this is not entirely clear from the data, but may
reflect the fact that for reasons of clinical relevance, we
administered methylprednisolone 30min after the spinal
cord injury. In contrast, many of the animal studies that
have demonstrated a benefit of methylprednisolone as a

treatment for acute spinal cord injury administered the
drug either before, or immediately after, the injury.
For example, Anderson et al2 demonstrated that

methylprednisolone (30mg/kg) administered 20min
before spinal cord compression significantly reduced
eicosanoid (PGE2, PGF2a, 6-keto-PGF1a, thromboxane
B2) concentrations in the injured tissue collected 30min
after compression. In a similar study using the same cat
model, Saunders et al3 also found that pretreatment
with methylprednisolone (30mg/kg) attenuated prosta-
noid production following spinal cord injury. Likewise,
using a rat model in which methylprednisolone (30mg/
kg, then 5.4mg/kg/h) was administered immediately
after injury, Liu et al6 also found that prostanoid
(PGF2a) production was reduced by methylprednisolone
treatment.
In contrast, and in keeping with our findings, Hall

et al25 reported that methylprednisolone (30mg/kg)
administered 30min after injury had no effect on

Table 1 Pharmacokinetic parameters

Sampling site
Group

Saline Intravenous methylprednisolone Intrathecal methylprednisolone

CSF at injury site
Peak concentration (fractions of baseline)
Aspartate 3.371.7 4.872.6 4.673.8
Glutamate 2.671.2 3.371.5 3.171.6
Citrulline 1.970.4 2.270.7 1.970.7
PGE2 9.578.7 10.878.6 10.5710.6

Time to peak concentration (min)
Aspartate 146728 13879.5 158756
Glutamate 145721 140710 153745
Citrulline 230772 272786 237785
PGE2 157743 188784 14077.5

AUC (fraction of baseline� time)
Aspartate 3897194 3857118 4087192
Glutamate 3247167 308782 3327176
Citrulline 3537109 3787152 3447131
PGE2 4487239 5307263 5597255

CSF at proximal control site
Peak concentration (fraction of baseline)
Aspartate 2.070.8 2.572.1 2.471.6
Glutamate 1.971.0 2.772.0 2.071.4
Citrulline 1.770.5 1.870.8 1.770.6
PGE2 1.771.3 4.775.8 3.572.5

Time to peak concentration (min)
Aspartate 248782 245782 234784
Glutamate 251788 259799 193767
Citrulline 236766 311774 254783
PGE2 183766 178770 195780

AUC (fraction of baseline� time)
Aspartate 277781 2647124 2917132
Glutamate 2967127 3177164 2937154
Citrulline 300764 305795 309782
PGE2 1957101 2667154 3947433

Acute spinal cord injury in pigs
CM Bernards and T Akers

599

Spinal Cord



eicosanoid (PGE2, PGF2, 6-keto-PGF2a, thromboxane
B2) concentrations in cat spinal tissue when measured at
a single time point 1 h after injury. Thus, the data would
suggest that methylprednisolone can reduce generation
of PGE2 after spinal cord injury, but only if given before
or immediately after injury occurs. As methylpredniso-
lone decreases prostanoid generation by inhibiting
phospholipase A2-mediated cleavage of arachadonic
acid from cell membranes and by blocking cyclo-
oxygenase expression, the failure of methylprednisolone
to impact PGE2 production in our study and the study
by Hall et al would suggest that the activity of these two
enzymes is no longer rate limiting for prostanoid
production 30min after spinal cord injury.
NO is generated from L-arginine by NO synthase

(NOS), and in the process, citrulline is generated. We
chose to measure citrulline concentration as a marker
for NO production because it is chemically stable and

easier to measure in dialysate samples. We examined
NO production in this study because it has been
implicated as a mediator of secondary neurological
injury,26 and inhibition of NOS activity has been shown
to improve neurological outcome in a rat model of
spinal cord injury.1

Our finding of an immediate increase in citrulline
production is consistent with the findings of Liu et al,26

who used an NO-sensitive electrode to demonstrate an
immediate increase in NO concentration in spinal cord,
following impact injury. However, our results differ
from those of Liu et al in one regard. Specifically, Liu
et al reported that NO concentrations returned to near
baseline by approximately 2 h after injury, while we
found that citrulline concentrations remained elevated
throughout the 4 h of our study. These seemingly
incongruous findings are not necessarily incompatible
and can be explained by ongoing production of NO and
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Figure 2 Glutamate (a), aspartate (b), citrulline (c), and PGE2 (d) concentration (expressed as fraction of baseline concentration)
versus time for dialysate samples collected from CSF adjacent to the proximal control spinal cord segment (T5). Spinal cord injury
occurred at time¼ 0min. Baseline values were calculated as the average of the four dialysate samples whose collection ended at
times¼ 0, �15, �30, and �45min. There were no statistically significant differences among the three treatment groups for
glutamate, aspartate, or citrulline concentrations. For PGE2, however, the intrathecal methylprednisolone group was significantly
different than the intravenous methylprednisolone and the control groups, although there were no differences in PGE2
concentrations among the three treatments at any individual time points
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rapid conversion to another form that was not measur-
able by the ion-selective electrode used by Liu et al. In
fact, the data of Liu et al support this hypothesis. That
is, Liu et al demonstrated a persistently elevated
concentration of peroxynitrite (ONOO�) in spinal cord
tissue throughout the 3 h when they collected data.
Peroxynitrite is formed by reaction of NO with super-
oxide anion (O2

�), which is elevated in spinal cord
injury.27–29 Thus, the persistently elevated concentra-
tions of the highly reactive ONOO� anion observed by
Liu et al is best explained by ongoing production of NO
in the presence of O2

�. And, the failure of Liu et al to
measure the persistently elevated concentrations of free
NO by ion-selective electrode would be explained by the
rapid conversion of NO to peroxynitrite.
The source of the immediate increase in NO produc-

tion in our study is unclear. NO is produced by NOS, an
enzyme that exists in multiple locations and isoforms.
Neuronal NOS (nNOS) and endothelial NOS (eNOS)
are constitutively expressed enzymes. Inducible NOS
(iNOS) is not constitutively expressed, but can be
induced by a number of pathological processes including
inflammation. Several studies have demonstrated that
iNOS activity increases, following spinal cord injury,
but that the increase is not significant until 12–72 h after
injury; thus, iNOS would not seem to be responsible for
the immediate increase in NO production observed by
us and by Liu et al. The activity of the constitutively

expressed NOS enzymes is calcium-dependent and
increased intracellular calcium concentrations result in
increased NOS activity.30–32 As neuronal injury results
in an increase in intracellular calcium concentrations,33

the activation of eNOS and nNOS via this mechanism is
the likely explanation for the increase in NO production
that we observed.
Excitatory amino-acid release in response to spinal

cord injury has been implicated as a contributor to
secondary neurological injury.34 As previously demon-
strated by others,4,5,34–40 spinal cord injury in this study
resulted in an immediate increase in concentrations
of the excitatory amino acids glutamate and aspartate
and a rapid return toward baseline over several hours.
However, in our study, neither of the routes of
methylprednisolone administration had any effect on
glutamate or on aspartate release following trauma.
This is true even if the analysis is limited to the period
after methylprednisolone had been administered. This
lack of a beneficial effect of methylprednisolone admin-
istration differs from the findings of others. However,
studies demonstrating a benefit of methylprednisolone
administered the drug before or immediately after the
spinal cord injury. For example, Liu and McAdoo4

demonstrated that methylprednisolone (30mg/kg then
5.4mg/kg/h) administered immediately after spinal cord
injury in a rat model resulted in a significant decrease in
glutamate release over time and a more rapid decline in
aspartate concentrations. Our failure to find a similar
benefit of methylprednisolone, even at the very high
methylprednisolone concentrations achieved with in-
trathecal injection, suggests that the processes respon-
sible for glutamate/aspartate release following spinal
cord injury are no longer amenable to modification by
methylprednisolone if administered 30min after injury.
The inflammatory cell response to spinal cord injury

has also been implicated as a mediator of secondary
neurological injury.22,41,42 For example, Carlson et al22

showed that the number of macrophages/microglia
present in an area of acute spinal cord injury was
correlated with the amount of tissue damage, and that
myeloperoxidase content correlated with neutrophil
influx. Using a rat spinal cord compression model,
Taoka et al42 demonstrated that both inhibition of
neutrophil binding to endothelial cells with anti-P-
selectin antibody and induction of leukopenia with
nitrogen mustard reduced neutrophil accumulation in
injured spinal cord tissue, diminished myeloperoxidase
activity in injured tissue, and improved animals’ motor
function. Similarly, Naruo et al43 used a rat spinal cord
injury model to demonstrate that the anti-inflammatory
prostaglandin, PGE1, reduced intramedullary hemor-
rhages and myeloperoxidase content in injured spinal
cord, and improved motor recovery. Importantly, both
Naruo and Taoka administered their therapies prior to
injury.
Based on these studies implicating activated inflam-

matory cells in the production of secondary neurological
injury, we examined the effect of methylprednisolone on
neutrophil accumulation, as reflected by myeloperox-
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Figure 3 Average myeloperoxidase content in spinal cord
specimens obtained at the end of each experiment, as a
function of distance from the injured segment (0 cm). There
were no differences among the three treatment groups in
myeloperoxidase content in any of the spinal cord segments.
For the control and intrathecal methylprednisolone groups,
myeloperoxidase content decreased significantly as a function
of distance from the injured segment. This was not true of the
intravenous methylprednisolone group in which there was no
significant relationship between myeloperoxidase content and
distance from the injured segment
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idase content, within the injured and uninjured segments
of spinal cord. Consistent with the work of Carlson
et al,22 we observed a significant increase in myeloper-
oxidase content in injured spinal cord, the magnitude of
which decreased with increasing distance from the injury
site. However, neither intravenous nor intrathecal
methylprednisolone decreased the myeloperoxidase con-
tent of the injured spinal cord compared to control.
Corticosteroids inhibit neutrophil accumulation in

damaged tissue by blocking injury-induced expression
of adhesion molecules on vascular endothelial cells,44

and by blocking expression of adhesion molecules on
activated neutrophils.45 Our failure to demonstrate that
methylprednisolone reduced myeloperoxidase content in
injured spinal cord may reflect the fact that the injury-
induced expression of endothelial cell adhesion mole-
cules is beyond glucocorticoid regulation by 30min after
injury. Alternatively, capillary disruption by the injury
may render the endothelial cell unimportant in regulat-
ing neutrophil traffic into the injured tissue.
An additional goal of this study was to determine

whether the intrathecal route of methylprednisolone
administration conferred any advantage over the tradi-
tional intravenous route. The data demonstrate that the
primary benefit of administering methylprednisolone
intrathecally is a pharmacokinetic one. Specifically,
compared to the intravenous route, intrathecal methyl-
prednisolone administration resulted in an approxi-
mately 30-fold increase in methylprednisolone content
in spinal cord tissue, while simultaneously producing a
methylprednisolone plasma concentration that was
nearly 10-fold lower. If methylprednisolone’s therapeu-
tic index is defined as the steady-state spinal cord
concentration divided by the simultaneous plasma
concentration, then intrathecal administration resulted
in a greater than 300-fold increase in methylpredniso-
lone’s therapeutic index. This finding suggests that
intrathecal administration may provide a means to take
advantage of any beneficial effects of methylpredniso-
lone (eg, reduced lipid peroxidation) while simulta-
neously avoiding the immunosuppressive side effects
that accompany systemic methylprednisolone adminis-
tration.
This could be important clinically because the one

constant finding in all of the human clinical trials,
regardless of whether they demonstrated a neurological
benefit of high-dose methylprednisolone or not, was that
methylprednisolone use was associated with significant
morbidity because of its systemic immunosuppressive
effects. In particular, the incidence of wound infection,
sepsis, pneumonia, and the duration of intensive care
unit stay have all been increased in patients receiving
high-dose methylprednisolone.13,15,20,46–49 Intravenous
methylprednisolone must be administered in such high
doses because, as we have previously shown, methyl-
prednisolone entry into the central nervous system is
actively opposed by P-glycoprotein present in the
capillary endothelial cells comprising the brain– and
spinal cord–blood barriers.50 As P-glycoprotein actively
pumps methylprednisolone out of the central nervous

system, systemically administered methylprednisolone
must be given in very high doses to overwhelm the efflux
pump’s capacity and to achieve reasonable concentra-
tions in the central nervous system.
Given that some of the direct (eg, hyperglycemia)

and indirect (eg, sepsis-induced hypotension, fever) side
effects of systemic methylprednisolone are known to
contribute to secondary neurological injury, it is
interesting to question whether the systemic side effects
of methylprednisolone may work at cross purposes to
any beneficial effects exerted within the spinal cord. If
so, potentiation of secondary neurological injury by the
side effects of systemic methylprednisolone administra-
tion might explain those studies that have failed to find
any beneficial effect of high-dose methylprednisolone on
neurological recovery following acute spinal cord injury.
Thus, reducing systemic exposure to methylpredniso-
lone by administering the drug directly into the spinal
CSF may confer an important clinical benefit.
In summary, we measured the effect of intrathecal and

intravenous methylprednisolone on the injury-induced
increase in citrulline, glutamate, PGE2, and myeloper-
oxidase in a pig model of acute spinal cord injury.
Neither intravenous nor intrathecal methylprednisolone
had any demonstrable effect on the generation of any of
these mediators of secondary neurological injury. This
finding conflicts with multiple animal studies that have
previously demonstrated that methylprednisolone can
reduce the concentrations of these compounds in the
setting of acute spinal cord injury. This seeming
inconsistency is most readily explained by the fact that
the earlier animal studies administered methylpredniso-
lone either before or immediately after spinal cord
injury, while we waited 30min before administering
methylprednisolone. Our findings would suggest that the
potential beneficial effects of methylprednisolone ad-
ministration in the setting of acute spinal cord injury are
not mediated by early reductions in the mediators of
secondary neurological injury measured in our study.
Importantly, our data do not suggest that methylpred-
nisolone is ineffective as a therapy for acute spinal cord
injury; they simply suggest that the mechanism involves
different mediators, for example, inhibition of lipid
peroxidation. This study does, however, demonstrate
that intrathecal methylprednisolone administration may
be an effective method to increase methylprednisolone
delivery to the injured spinal cord while simultaneously
reducing systemic methylprednisolone concentrations
and associated immunosuppressive side effects.
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