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Analgesic and Neurotoxic Effects of Intrathecal

Corticosteroids in Rails

Stephen E. Abram, M.D.,* Martin Marsala, M.D., Tony L. Yaksh, Ph.D.%

Background: Despite the widespread use of epidurally ad-
ministered corticosteroids in the treatment of sciatica and the
failure of animal studies to demonstrate neurotoxicity from
epidermally administered corticosteroids, controversy re-
mains regarding the mechanism of action as well as the safety
of this treatment. The goal of this study was to determine
whether spinally administered corticosteroids have any an-
algesic effects, and whether repeated intrathecal administra-
tion causes any neuronal damage to the spinal cord.

Methods: Chronic lumbar intrathecal catheters were im-
planted in rats. Formalin testing was carried out 1 h after the
intrathecal administration of 400 ug methylprednisolone so-
dium succinate, 48 h after intrathecal administration of
triamcinolone diacetate 250 ug, or 24 h after the last of a series
of four injections of triamcinolone diacetate 250 ug given at
5-day intervals. Histologic sections of multiple levels of spinal
cord from the animals receiving repeat intrathecal steroid in-
jections were compared to those from animals that received
intrathecal saline at the same intervals.

Results: The animals receiving repeated intrathecal triam-
cinolone diacetate demonstrated mild, statistically significant
reduction of pain behavior (hindlimb flinching) during the
second but not the first phase of the formalin test when com-
pared to controls. No analgesic effects were demonstrated after
methylprednisolone sodium succinate or a single injection of
triamcinolone diacetate, Animals that received methylpred-
nisolone sodium succinate demonstrated transient segmental
allodynia. No behavioral or neurologic abnormalities were
seen in any other group. Some histologic evidence neuronal
damage (the presence of argyrophilic neurons was seen in
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the chronically implanted animals in areas of the cord adjacent
to the spinal catheters, but there was no difference in incidence
of these changes between the steroid and control groups.

Conclusions: Intrathecal steroid injections have no analgesic
effect and do not suppress spinal sensitization when admin-
istered acutely. After chronic administration, there is a mild
effect on nociceptor-driven spinal sensitization (phase 2 of
the formalin test), but no analgesic effect on an acute noxious
stimulus (phase 1 of the formalin test). Repeated intrathecal
administration of triamcinolone diacetate (0.8 mg/kg) is not
associated with spinal neurotoxic effects during the time pe-
riod studied. (Key words: Anesthetic techniques: spinal. Tox-
icity, spinal cord: corticosteroids.)

Mechanism of Action of Epidurally Administered

Corticosteroids

EPIDURAL steroid injections are frequently used in
the management of radiculopathy caused by lumbar
disc disease. It is commonly assumed that the mecha-
nism of action of neuraxially administered corticoste-
roids involves a reduction in the inflammation and
edema of the injured or irritated root.’”> Recently,
however, there has been considerable interest in the
role of prostaglandins in mediating various forms of
spinal sensitization,? and it is conceivable that corti-
costeroids may influence pain perception because of
their effect on spinal prostaglandin production. First,
noxious stimulation evokes the release of prostaglan-
dins from the spinal cord.’”” Second, prostaglandins
have been shown to enhance neurotransmitter release
from primary afferent neurons.® Third, spinal admin-
istration of nonsteroidal antiinflammatory drugs block
the second, or sensitization-dependent phase of the
formalin test at doses 100-300 times smaller than those
associated with systemic analgesic effects.” Similarly,
small doses of spinally administered nonsteroidal an-
tiinflammatory drugs reduce the acute hyperalgesic be-
havior evoked by spinally administered N-methyl-p-as-
partic acid and substance P.'° Corticosteroids are ca-
pable of reducing production of prostaglandins by
inhibiting phospholipase A,,'' leading to speculation
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that at least part of the beneficial effect of these agents
in radiculopathy might be to limit or reduce sensiti-
zation of dorsal horn neurons by noxious inputs arising
from the injured nerve root.

Potential Neurotoxicity of Epidurally

Administered Corticosteroids
. Despite the extremely low incidence of reported
complications from epidural steroid injections, there
has been recent speculation that the neuraxial admin-
istration of long-acting preparations that are suspended
in a propylene glycol suspension are inherently un-
safe.'? Two previous histologic studies of the effects of
epidurally administered steroid suspensions on the
spinal cord and meninges have failed to demonstrate
neurologic damage or inflammation.'*'! However,
there is continued concern that accidental intrathecal
injection may be hazardous, particularly in light of a
case report of sclerosing pachymeningitis after multiple
intrathecal methylprednisolone acetate injections in a
patient with multiple sclerosis’® and of conus medul-
laris syndrome in a patient receiving frequent intrathe-
cal methylprednisolone acetate injections for chronic
sciatica.'®

The purpose of this study was twofold. First, we
sought to determine whether intrathecal corticoste-
roids, administered both acutely and chronically, pro-
vide analgesia in the rat formalin test, which measures
both the acute analgesic effect of a drug (phase 1) and
the ability of a drug to modify the appearance of spi-
nally mediated hyperalgesia (phase 2). Second, we
sought to determine whether chronic intrathecal ad-
ministration of a corticosteroid suspension would pro-
duce behavioral or histologic evidence of neurologic
damage in rats.

Materials and Methods

The following studies were carried out under a pro-
tocol approved by the Institutional Animal Care Com-
mittee of the University of California, San Diego. Male
Sprague-Dawley rats weighing 250-350 g were used
for these studies.

Animal Preparation

Animals were implanted with chronic lumbar in-
trathecal catheters introduced via an incision in the
atlantooccipital membrane under halothane anesthesia
as previously described by Yaksh and Rudy.!” Animals
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showing neurologic deficits after implantation were
excluded. All testing was begun 5-7 days after in-
trathecal implantation.

Neurobehavioral Testing

Animals were tested before and after treatment using
placing/stepping response (when the dorsum of the
hindpaw is placed against the table edge the animal
lifts the paw and places it on the table surface), righting
reflex, and observation of posture and gait. Animals
were examined for urine staining of the fur over the
lower abdomen as evidence of incontinence.

Formalin Test

The formalin test was carried out as previously de-
scribed.'” In brief, the animals were individually al-
lowed to breathe 3% halothane until immobile. Animals &
were quickly removed from the anesthesia and glven i)
a subcutaneous injection of 50 ul 5% formalin into the §
dorsum of the right hindpaw using a 30-G needle. They 2 g
were then placed in a clear plexiglass chamber for ob- “’
servation. Coordinated spontaneous movement was s
typically noted less than 30 s after injection. Animals £
routinely displayed a flinching, withdrawal movement $
of the injected hindpaw. The number of flinches perg
minute were then recorded 1 and 5 min after recovery g
from the anesthetic and at 5-min intervals thereafter S
for 1 h. The animals were then killed with an overdose S
of barbiturate.
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Experimental Paradigms

A series of discrete studies was carried out to assess 3
the effects of intrathecal corticosteroids on first and*_i
second phase formalin test behavior. All intrathecal2
drugs were administered in 10 ul volumes, followed g
by 10 ul normal saline. Administration was done with S
a micrometer driven injection device.

€1000-000} L7661

Controls

In six animals, 20 ul normal saline was injected in-
trathecallly four times, 5 days apart (group 1A). Phase
1 and 2 means from this group were used as controls
for animals given triamcinolone diacetate chronically
(group 4). Normal saline 20 ul was injected intrathe-
cally 1 h before formalin testing in five animals (group
1B). Phase 1 and phase 2 means from this group were
used as controls for the animals given methylprednis-
olone sodium succinate or triamcinolone diacetate
acutely (groups 2 and 3). Twenty-four hours after the
fourth injection, animals underwent formalin testing.
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Neurobehavioral testing was carried out before each
injection, 1 h after each injection and 10 min before
formalin injection.

Acute Methylprednisolone Sodium Succinate

Methylprednisolone sodium succinate (Solu-Medrol,
Upjohn, Kalamazoo, MI) 400 ug dissolved in normal sa-
line was injected intrathecally 60 min before formalin
injection in four animals (group 2). Neurobehavioral
testing was carried out 10 min before formalin injection.

Acute Triamcinolone Diacetate

Triamcinolone diacetate (25 mg/ml, Aristocort In-
tralesional, Fujisawa, Deerfield, IL) 250 ug (10 ul) was
injected, undiluted, intrathecally 24 h before formalin
testing in six animals (group 3). This dose is roughly
equivalent on a per-kilogram basis to the 50 mg dose
commonly injected epidurally in human patients. Neu-
robehavioral testing was carried out 10 min before for-
malin injection.

Chronic Triamcinolone Diacetate

Triamcinolone diacetate (25 mg/ml, Aristocort In-
tralesional, Fujisawa) 250 ug was injected intrathecally
four times, undiluted, 5 days apart in six animals (group
4). Twenty-four hours after the fourth injection, ani-
mals underwent formalin testing. Neurobehavioral
testing was carried out before each injection, 1 h after
each injection and 10 min before formalin injection.

Histopathologic Studies

After 21 days all animals in group 1A and 4 were anes-
thetized with an overdose of pentobarbital and transcar-
dially perfused with 100 ml saline followed by 150 ml
4% paraformaldehyde. To avoid the development of post
mortem artificial neuronal changes all precautions for
the fixation process and handling of the material'® were
observed and the spinal cords were removed from the
vertebral column 24 h after perfusion fixation, Twenty
frozen transverse sections 20 um thick were taken from
each of the following blocks of spinal cord: C2—-C5, T1-
T10, and L1-S2. These sections were prepared and im-
pregnated by the suppressive Nauta method. This tech-
nique has been described in detail elsewhere.?® In brief,
the selective neuronal impregnability of affected neurons
is used as a response to a variety of pathologic condition
such as transient central nervous system or spinal cord
ischemia as well as traumatic central nervous system and
spinal cord injury.?*-2?
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Five representative sections from each spinal level
mentioned above were coded in each animal and then
subjected to a systematic examination for the presence
of argyrophilic neurons. Scores were tabulated and anal-
ysis prepared by an observer blinded to the behavioral
outcome and duration of occlusion.

For electron microscopy the tissue samples from the
same spinal levels as above were taken and postfixed in
1% buffered OsO4; semithin sections were stained with
toluidine blue and ultrathin sections were stained with
uranyl acetate followed by lead citrate. We avoided using
glutaraldehyde because of nonspecific mitochondrial
costaining in silver impregnated sections.?

Data Analysis

The total number of flinches was determined for all
of the phase 1 (1 and 5 min) and phase 2 (10-60 min)
observations for each animal, and these data were com-
pared by one-way analysis of variance (StatView II,
Abacus Concepts, Berkeley, CA). Post hoc comparisons
were done with Scheffé’s F test.

Statistical analysis of neuropathologic scoring was
carried out with analysis of variance using multiple
means analysis followed by the Tukey-Kramer test. A P
value of < 0.05 was considered significant. Data were
expressed as mean =+ SD.

Results

Bebavioral Testing

There were no abnormalities in righting response,
placing or stepping, gait or posture at any time among
the control or triamcinolone diacetate treated animals.
Likewise, no urine staining of the abdomen, a sign of
bladder dysfunction, was noted at any time. Among the
methylprednisolone sodium succinate treated animals,
the following behavioral abnormality was observed. In
all four animals, beginning 5-10 min after steroid in-
jection, the animals stopped their normal grooming and
exploring behavior and remained in one corner of their
cage. Touching the fur in the low thoracic, lumbar or
sacral areas was met by vocalizing and, occasionally,
aggressive behavior (attempted biting). Stroking the
fur of the upper thoracic, cervical regions or the head
evoked no such response. This response was mild in
two animals and quite pronounced in the other two.
That behavior resolved in 20-40 min, before formalin
injection. This response was interpreted as mechanical
allodynia. Because of this untoward response, no more
animals received this drug.
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Table 1. Mean Total Number of Flinches (= SEM) for Phase 1 (1 and 5 min) and Phase 2 (10-60 min)

for Each of the Treatment Groups

Group N Treatment Mean Phase 1 Mean Phase 2
1A 6 Saline control, chronic 16.7 £ 2.7 16563+ 4.5
1B 5 Saline control, acute 208+ 4.5 1802+ 9.7
1C 1 Combined controls 18.56 + 2.6 1721 = 5.6
2 4 Methylprednisolone Na succinate 123+ 2.9 158.0 + 45.2
3 5 Triamcinolone diacetate, 48 hr 238 +71 164.0 + 19.8
4 6 Triamcinolone diacetate, 21 days 26.2 +4.5 135.2 + 16.0*

* Significantly different from group 1C (P < 0.05).

Formalin Testing

Means for the total number of flinches for each group
are shown in table 1. The two control groups were very
similar in their phase 1 and 2 responses (table 1 and
fig. 1). Therefore, these groups were combined and
used as controls for all of the experimental paradigms.

Although the phase 1 mean value for the methyl-
prednisolone group was somewhat lower than controls,
there were no significant differences among phase 1
data (see table 1).

The phase 2 mean value for animals receiving triam-
cinolone diacetate chronically (group 4) was signifi-
cantly lower than that for the combined controls (group
1C) (P < 0.05), but did not achieve statistical signif-
icance when compared to the chronic control group
(group 1A) alone (P = 0.06). The phase 2 means for

——{}— 1A) SALINE--CHRONIC
1B) SALINE--ACUTE
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TIME (MIN)

Fig. 1. Mean number of flinches per minute plotted as a func-
tion of time after injection of formalin for the two control
groups (groups 1A and 1B).

T T
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groups 2 and 3 were not significantly different from
controls. As can be seen from figures 2, 3, and 4, there
was a modest reduction in phase 2 flinching activity in
the chronic triamcinolone diacetate group 30-50 min
after injection, but not at earlier or later times, as com-
pared to the combined control, but there was no dif-
ference from control for the other two steroid groups.

Histopathologic Analysis

Saline-treated Animals. Using silver impregnation
techniques, occasional somatodendritic argyrophilia
typically affecting A-motor neurons or medium-sized
interneurons was found in control animals (group 1A).
However, the majority of the neuronal pools displayed
normal structure with fully preserved nucleus and nu-

—0O— 1C) COMBINED CONTROL
wen@s 2) METHYLPRED I

2 5+
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1 64
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10 15 20 25 30 35 40 45 60 55 60
TIME (MIN)

Fig. 2. Mean number of flinches per minute plotted as a func-
tion of time after injection of formalin for the combined con-
trol group (group 1C) and the group that received methyl-
prednisolone sodium succinate 400 pl intrathecally 1 h before
formalin injection (group 2).
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o =4
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Fig. 3. Mean number of flinches per minute plotted as a func-
tion of time after injection of formalin for the combined con-
trol group (group 1C) and the group that received triamci-
nolone diacetate 250 ug 48 h before formalin injection
(group 3).

cleolus. In semithin sections stained with toluidine
blue, comparable neuronal changes were detected.
Dark type of ncuronal degeneration with nuclear con-
densation was scen in close vicinity to normally ap-
pearing nceurons. The majority of dark neurons were
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Fig. 4. Mean number of flinches per minute plotted as a func-
tion of time after injection of formalin for the combined con-
trol group (group 1C) and the group that received triamci-
nolone diacetate four times, at 5-day intervals, before formalin
injection (group 4).
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Fig. 5. Saline-treated animal, semithin section. Group of darkly
stained neurons (arrow) localized close to the catheter-caused
white matter compression (X 12). Intrathecal—intrathecal
catheter.

localized in the ipsilateral side to the side of catheter
localization i.c. the arcas showing dircct tissue
compression due to catheter implantation (fig. 5). In
some sections edematic changes expressed as a disso-
ciation of vascular wall from surrounding tissue was
seen (fig. 6).

Triamcinolone-treated Animals. In the chronically
treated steroid group (group 4), comparable histo-

SR et R R
Wl ..5?3&%3‘?R’r5id¢:¢..~‘f :

Fig. 6. Saline-treated animal, semithin section. Perivascular
edema (arrow) is present as are several normally appearing,
medium-sized interneurons localized in laminae VII (X 80).
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pathologic changes to those seen in saline treated an-
imals were detected. Occasional appearance of argy-
rophilic-dark neurons was seen in the vicinity of cath-
eter-caused compression. However, the majority of
neurons as well as the neuropil displayed normal struc-
ture (fig. 7). Statistical analysis showed no significant
differences in the number of dark neurons between sa-
line treated and drug treated animals in any spinal level
examined (table 2).

Electron-microscopic analysis revealed changes
which corresponded with the findings based on the
silver impregnation technique and toluidine stained
semithin sections. The majority of neurons survived
without any noticeable changes. The profiles of rough
endoplasmic reticulum baset and ribosomes with nor-
mally appearing mitochondria were detected. In some
of these neurons occasional vacuolization of the cy-
toplasm was seen. Darkly stained neurons seen on
semithin sections were characterized by the occurrence
of intracytoplasmic dark granules and filament masses
forming intracytoplasmic dark accumulation. A quali-
tatively similar ultrastructural picture was seen in both
experimental groups.

Discussion

Formalin Testing
The subcutaneous injection of formalin produces in-
tense nociceptor activity resulting in a brief (<5 min)

Fig. 7. Triamcinolone-treated animal, semithin section. Group
of normally appearing A motor neurons with fully preserved
nucleus and nucleolus are present (arrow) (X 120).
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Table 2. Mean Number of Dark Neurons (& SD) at Each
Spinal Level Examined Histologically

C2-C5 T1-T10 L1-82
Control group 21+22 5.8 + 3.6 54 £47
Treatment group 25+25 6.1 £4.0 4.8 +£3.7

period of flinching®® and increased firing of wide-dy-
namic-range neurons.?® During this period of acute no-
ciceptor and wide—dynamic-range activity, a series of
events occurs that leads to sensitization of dorsal horn
neurons to the ongoing low level of discharge from
nociceptive afferent neurons. After a period of about
10 min, flinching behavior®® and wide~dynamic-range
activity®* begins again as a result of the increased neu-
ronal sensitivity. This sensitization is initiated by release
of excitatory amino acids, predominately glutamate,
with subsequent activation of the N-methyl-p-aspartic
acid receptor, resulting in calcium ion influx. The in-
creased intracellular calcium ion then leads to several
intracellular events that result in an increased respon-
siveness to subsequent afferent stimuli. One of these
events is the activation of phospholipase A,, which
leads to the release of intracellular arachidonic acid
and the formation of prostaglandins.”?> The resultant
spinal cord accumulation of prostaglandins is thought
to contribute to the hyperalgesic state.

After a single administration, it appears that neither
soluble corticosteroids nor insoluble suspensions such
as triamcinolone diacetate are capable of blocking ei-
ther the first or the second phase of the formalin test.
Repeated doses of steroid suspension, administered
over a 3-week period, have no effect on phase 1 and
produce only a slight reduction in phase 2, which is
questionable in terms of statistical significance. The
relative inability of intrathecal corticosteroids to block
spinal sensitization is somewhat surprising, since spi-
nally administered nonsteroidal antiinflammatory
drugs, which also block prostaglandin production, are
moderately effective.” On the other hand, Coderre*
showed that other agents that inhibit phospholipase
A2, such as quinacrine, are ineffective in blocking phase
2 of the formalin test. These results reinforce the theory
that the beneficial effects of epidural steroid injections
result from effects of the drug on the injured nerve
root. Such effects may include reduction of inflamma-
tion and edema of the affected nerve roots'~® or possibly
suppression of ectopic discharge from the injured nerve
segment.?® Because levels of spinal prostaglandins were
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not assessed, it is possible that doses employed were
not adequate to reduce prostaglandin production. The
dose used was selected because it is roughly equivalent,
in milligrams per kilogram, to doses used epidurally
in humans. It would appear, therefore, that the often
dramatic improvement seen in patients with radicu-
lopathy after epidural steroid injections is not due to
an action upon dorsal horn sensory systems.

Neurotoxicity Studies

The preparation chosen for neurotoxicity studies,
triamcinolone diacetate, contains the triamcinolone
diacetate suspension (25 mg/ml), polyethylene glycol
3%, polysorbate 80 0.2% and benzyl alcohol 0.9%. Of
these substances, only polyethylene glycol has been
suggested to be neurotoxic. The majority of statements
concerning the neurotoxic potential of this substance
have been published by Nelson,'? who states that it is
likely to cause damage if it gains access to the sub-
arachnoid space. However, two of the studies he cites
as evidence for polyethylene glycol’s neurotoxicity
used 80-100% solutions of propylene glycol,>”?* as
opposed to the 3% polyethylene glycol found in most
steroid suspensions, and the third study tested still other
alcohols and detergents.?® None of the studies he cited
actually evaluated the neurotoxic potential of polyeth-
ylene glycol. Other steroid agents, including methyl-
prednisolone acetate, that contain polyethylene glycol,
were tested for peripheral nerve neurotoxicity by
Mackinnon et al.*" and were found to cause nerve dam-
age only when injected intrafascicularly. Our study
failed to show any evidence of neurotoxic potential by
the steroid preparation tested. Although we cannot rule
out the possibility that a larger number of animals might
reveal some neurologic sequelae, the lack of adverse
effect in this study is reassuring. The dose was fairly
large (about 1 mg/kg) and was repeated multiple times
in each animal. Rats have a comparatively small sub-
arachnoid space compared to humans, so that injected
substances will not be diluted appreciably.

It may be argued that the duration of our study was
not long enough interval to reveal complications such
as arachnoiditis, which can be delayed in onset. How-
ever, by 21 days after the initial injection, it seems
likely that some changes would be evident if any ani-
mals were developing arachnoiditis. Cicala et al.' re-

§ Ringer WA: The treatment of multiple sclerosis with intrathecally
administered methylprednisolone acetate. Journal of the Indiana State
Medical Association 61:1213-1215, 1968,
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" olone acetate,

ported that animals receiving epidural injections of
normal saline containing talc had marked epidural in-
filtration by macrophages 4 and 10 days after injection.
Moreover, previous studies with the rodent intrathecal
model have shown it to be particularly sensitive to the
development of inflammatory reactions®' and to the
evolution of signs of motor dysfunction caused by spi-
nally delivered drugs.*?-*! The failure to see any adverse
effects in this model provides additional evidence for
a lack of direct toxicity.

We are not advocating the intentional intrathecal in-
jection of steroids for radiculopathy, particularly since
previous studies have demonstrated relatively little
added benefit compared to epidural injections.?* How-
ever, the data from this study, coupled with the low
incidence of reported complications in humans after
intrathecal triamcinolone diacetate or methylprednis-
olone acetate, provides reassurance that accidental in-
trathecal injection of these substances during attempted
epidural injection has a low potential to cause harm,
Although there have been reports of neurologic com-
plications after intrathecal steroid injections in patients
with multiple sclerosis,'>?¢ it is conceivable that such
problems are related to their disease process rather than
to their treatment. Other series of patients with mul-
tiple sclerosis treated with intrathecal steroids have not
encountered such problems.>”'§ Reports of neurologic
dysfunction in patients treated with intrathecal steroid
injections for sciatica are even less common. A case of
conus medullaris syndrome was reported in a patient
treated with intrathecal and epidural methylprednis-
16 but this patient received 14 intrathecal
injections over an 18-month period.

In conclusion, this study indicates that there is little
evidence that neuraxial steroid injections have an effect
on the development of nociception-induced spinal
sensitization. Earlier speculation that epidural steroid
injections act by reducing inflammation or stabilizing
axonal membranes of affected nerve roots remains a
more plausible theory. It also provides additional ev-
idence that commercially available deposteroid prep-
arations do not produce spinal cord damage when in-
jected neuraxially.

References

1. Marshall LL, Trethewie ER: Chemical radiculitis. Clin Orthop
129:61-67, 1977

2. Seghal AD, Gardner WJ: Corticosteroids administered intrad-
urally for relief of sciatica. Cleve Clin Quarterly 27:198-201, 1960

20z Jequieides /| uo jsenb Aq pd'€1000-0001 | ¥66 L -Z#S0000/Z | 1 82£/86 | L/S/1.8/4pd-8jone/ABojoisayisaue/bio byese sqnd;/:dpy wouy papeojumoq



1205

INTRATHECAL STEROIDS, ANALGESIA AND NEUROTOXICITY

3. Winnie AP, Hartman JT, Myers HL, Ramamurthy §, Barangan V:
Pain clinic II: Intradural and extradural corticosteroids for sciatica.
Anesth Analg 51:990-999, 1972

4. Coderre TJ: Contribution of protein kinase C to central sensi-
tization and persistent pain following tissue injury. Neurosci Lett
140:181-184, 1992

5. Ramwell PW, Shaw JE, Jessup R: Spontancous and evoked release
of prostaglandins from frog spinal cord. Am J Physiol 211:998-1004,
1966

6. Coderre TJ, Gonzales R, Goldyne ME, West ], Levine JD: Noxious
stimulus-induced increase in spinal prostaglandin E, is noradrenergic
terminal-dependent. Neurosci Lett 115:253~258, 1990

7. Sorkin LS: Releasc of amino acids and PGE; into the spinal cord
of lightly anesthetized rats during development of an experimental
arthritis: Enhancement of C-fiber evoked release (abstract). Soc Neu-
rosci 429:10, 1992

8. Nicol GD, Klingberg DK, Vasko MR: Prostaglandin E, enhances
calcium conductance and stimulates release of substance P in avian
sensory neurons. J Neurosci 12:1917-1927, 1992

9. Malmberg AB, Yaksh TL: Antinociceptive actions of spinal non-
steroidal anti-inflammatory agents on the formalin test in the rat. )
Pharmacol Exp Ther 263:136-146, 1992

10. Malmberg AB, Yaksh TL: Hyperalgesia mediated by spina! glu-
tamate or SP receptor blocked by spinal cyclooxygenase inhibition.
Science 257:1276-1279, 1992

11. DiRosa M, Calignano A, Carnuccio R, Ialenti A, Sautebin L:
Multiple control of inflammation by glucocorticoids. Agents Actions

17:284-289, 1985

12. Nelson DA: Dangers from methylprednisolone acetate therapy
by intraspinal injection. Arch Neurol 45:804-806, 1988

13. Delaney TJ, Rowlingson JC, Carron H, Butler A: Epidural steroid
effects on nerves and meninges. Anesth Analg 59:610-614, 1980

14. Cicala RS, Turner R, Moran E, Henley R, Wong R, Evans J:
Methylprednisolone acetate does not cause inflammatory changes in
the epidural space. ANESTHESIOLOGY 72:556-558, 1990

15. Bernat JL, Sadowsky CH, Vincent FM: Sclerosing spinal pachy-
meningitis, a complication of intrathecal administration of Depo-
medrol for multiple sclerosis. J Neurol Neurosurg Psychiatry 39:
11241128, 1976

16. Cohen F: Conus medullaris syndrome following multiple
intrathecal corticosteroid injections. Arch Neurol! 36:228-230,
1979

17. Yaksh TL, Rudy TA: Chronic catheterization of the spinal sub-
arachnoid space. Phys Behav 17:1031-1036, 1976

18. Yamamoto T, Yaksh TL: Comparison of the antinociceptive
effects of pre- and posttreatment with intrathecal morphine and
MK801, an NMDA antagonist, on the formalin test in the rat. ANgs-
THESIOLOGY 77:757-763, 1992

19. Cammermeyer J: Is the solitary dark neuron a manifestation
of postmortem trauma to the brain inadequately fixed by perfusion?
Histochemistry 56:97-115, 1978

20. Marsala J, Sulla I, Santa M, Marsala M, Zacharias L, Radonak J:
Mapping of the canine lumbosacral spinal cord neurons by Nauta

Anesthesiology, V 81, No 5, Nov 1994

method at the end of the early phase of paraplegia induced by isch-
emia and reperfusion. Neuroscience 45:479-494, 1991

21. Crain BJ, Westerkam WD, Harrison AH, Nadler JV: Selective
neuronal death after transient forebrain ischemia in mongolian gerbil:
Assilver impregnation study. Neuroscience 27:387-402, 1988

22, Gallyas F, Wolff JR, Bottcher H, Zaborszky L: A reliable and
sensitive method to localize degeneration and lyzozomes in the cen-
tral nervous system. Stain Technol 55:299-306, 1980

23. Tjolsen A, Berge O-G, Hunskaar S, Rosland JH, Hole K: The
formalin test: An evaluation of the method. Pain 51:5-17, 1992

24. Dickenson AH, Sullivan AF: Subcutaneous formalin-induced
activity of dorsal horn neurones in rat: Differential response to an
intrathecal opiate administered pre or post formalin. Pain 30:349~
360, 1987

25, Coderre T}, Katz J, Vaccarino AL, Melzack R: Contribution of
central neuroplasticity to pathological pain: Review of clinical and
experimental evidence. Pain 52:259-285, 1993

26. Devor M, Govrin-Lippmann R, Raber P: Corticosteroids sup-
press ectopic neural discharge originating in experimental neuromas.
Pain 22:127-137, 1985

27. Chino N, Awad EA, Kottke FJ: Pathology of propylene glycol
administered by perineural and intramuscular injection in rats. Arch
Phys Med Rehabil 55:33-38, 1974

28, Margolis G, Hall NE, Nowill WK: An investigation of efocaine,
a long-acting ancsthetic agent. Arch Surg 63:715-730, 1953

29. Hurst EW: Adhesive arachnoiditis and vascular blockage caused
by detergents and other chemical irritants. J Pathol 70:167-178,
1955

30. Mackinnon SE, Hudson AR, Gentili F, Kline DG, Hunter D:
Peripheral nerve injection injury with steroid agents. Plast Reconstr
Surg 69:482-489, 1974

31. Durant PAC, Yaksh TL: Epidural injections of bupivacaine,
morphine, fentanyl, lofentanil, and DADL in chronically-implanted
rats: A pharmacologic and pathologic study. ANESTHESIOLOGY 64:43~
53, 1986

32. Gaumann DM, Yaksh TL: Intrathecal somatostatin in rats: An-
tinociception only in the presence of toxic effects. ANESTHESIOLOGY
68:733-742, 1988

33. Gaumann DM, Grabow TS, Yaksh TL, Casey SJ, Rodriguez M:
Intrathecal somatostatin, somatostatin analogs, substance P analog
and dynorphin A cause comparable neurotoxicity in rats. Neurosci-
ence 39:761-774, 1990

34. Stevens CW, Yaksh TL: Dynorphin A and related peptides ad-
ministered intrathecally in the rat: A search for putative x opiate
receptor activity. ] Pharmacol Exp Ther 238:833-838, 1986

35. Abram SE: Subarachnoid corticosteroid injection following
inadequate response to epidural steroids for sciatica. Anesth Analg
57:313-315, 1978

36. Van Buskirk C, Poffenbarger AL, Capriles LF: Treatment of
multiple sclerosis with intrathecal steroids. Neurology 14:595-597,
1964

37. Seghal AD, Gardner WJ: Place of intrathecal methylprednis-
olone acetate in neurologic disorders. Trans Am Neurol Assoc 88:
275~276, 1963

20z Jequieides /| uo jsenb Aq pd'€1000-0001 | ¥66 L -Z#S0000/Z | 1 82£/86 | L/S/1.8/4pd-8jone/ABojoisayisaue/bio byese sqnd;/:dpy wouy papeojumoq



