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ABSTRACT

The effective treatment of pain is typically limited by a decrease
in the pain-relieving action of morphine that follows its chronic
administration (tolerance). Therefore, restoring opioid efficacy
is of great clinical importance. In a murine model of opioid
antinociceptive tolerance, repeated administration of morphine
significantly stimulated the enzymatic activities of spinal cord
serine palmitoyltransferase, ceramide synthase, and acid
sphingomyelinase (enzymes involved in the de novo and sphin-
gomyelinase pathways of ceramide biosynthesis, respectively)
and led to peroxynitrite-derive nitroxidative stress and neuro-
immune activation [activation of spinal glial cells and increase
formation of tumor necrosis factor-«, interleukin (IL)-18, and

IL-6]. Inhibition of ceramide biosynthesis with various pharma-
cological inhibitors significantly attenuated the increase in spi-
nal ceramide production, nitroxidative stress, and neuroim-
mune activation. These events culminated in a significant
inhibition of the development of morphine antinociceptive tol-
erance at doses devoid of behavioral side effects. Our findings
implicate ceramide as a key upstream signaling molecule in the
development of morphine antinociceptive tolerance and pro-
vide the rationale for development of inhibitors of ceramide
biosynthesis as adjuncts to opiates for the management of
chronic pain.

Chronic, severe pain is a significant health problem (Ren-
frey et al., 2003). One third of Americans suffer from some
form of chronic pain, and in over 30% of cases, the pain
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becomes resistant to analgesic therapy (Renfrey et al., 2003).
The economic impact of pain is equally large, at approxi-
mately $100 billion annually (Renfrey et al., 2003). Opiate/
narcotic analgesics, typified by morphine sulfate, are the
most effective treatments for acute and chronic severe pain.
However, their clinical utility is often hampered by the de-
velopment of analgesic tolerance, which necessitates escalat-
ing doses to achieve equivalent pain relief (Foley, 1995). This
complex pathophysiological cycle contributes to decreased
quality of life of patients because of oversedation, reduced
physical activity, constipation, respiratory depression, poten-

ABBREVIATIONS: TNF, tumor necrosis factor; IL, interleukin; SMase, sphingomyelinase; FB1, fumonisin B1; D609, tricyclodecan-9-xanthoge-
nate; SPT, serine palmitoyl transferase; PBS, phosphate-buffered saline; GFAP, glial fibrillary acidic protein; RT, room temperature; NF, nuclear
factor; MnSOD, manganese superoxide dismutase; %MPE, percentage maximal possible antinociceptive effect; CS, ceramide synthase; ASMase,

acid sphingomyelinase; NT, 3-nitrotyrosine; Mor, morphine.
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tial for addiction, and other side effects (Foley, 1995). In
accordance, there is major interest in new approaches to main-
tain opiate efficacy during repetitive dosing for chronic pain,
without engendering tolerance or unacceptable side effects. Re-
cently, several pathogenic processes that occur at the level of
the spinal cord have been implicated. These include nitric
oxide and superoxide-derived peroxynitrite production and
peroxynitrite-induced nitroxidative stress (Muscoli et al.,
2007), neuronal apoptosis (Mayer et al., 1999), and neuroim-
mune activation, herein defined as glial cell activation and
release of proinflammatory cytokines, such as tumor necrosis
factor (TNF)-«, interleukin (IL)-1B, and IL-6 (Song and Zhao,
2001; Watkins et al., 2007). A link among these processes
seems to be at the level of peroxynitrite (Muscoli et al., 2007),
the product of the interaction between nitric oxide and su-
peroxide and a potent proinflammatory and proapoptotic re-
active species (Salvemini et al., 1998) recently shown to con-
tribute to the development of morphine antinociceptive
tolerance through spinal apoptosis and increased production
of TNF-q, IL-1B, and IL-6 (Muscoli et al., 2007). In search of
the molecular mechanism leading to spinal nitroxidative
stress and neuroimmune activation, we reasoned that the
sphingolipid ceramide could be a unique signaling candidate
because of its potent proinflammatory signaling properties
coupled with its implication in the generation of nitroxidative
stress. Its involvement in nitroxidative stress has been asso-
ciated in the pathogenesis of radiation-induced injury (Kole-
snick and Fuks, 2003), sepsis (Delogu et al., 1999), acute lung
injury (Goggel et al., 2004), emphysema (Petrache et al.,
2005), and asthma (Masini et al., 2005), which share with
antinociceptive tolerance roles of apoptosis and inflammation
in their pathogenesis. Ceramide is generated by enzymatic
hydrolysis of sphingomyelin by sphingomyelinases (SMases)
(sphingomyelin pathway) and/or from de novo synthesis co-
ordinated by serine palmitoyltransferase and ceramide syn-
thase (de novo pathway) (Kolesnick, 2002). The steady-state
availability of ceramide is further regulated by ceramidases
that convert ceramide to sphingosine by catalyzing hydroly-
sis of its amide group (Kolesnick, 2002). Ceramide serves as
a second messenger to activate downstream effectors, includ-
ing ceramide-activated protein kinase and ceramide-acti-
vated protein phosphatase, and generates other second mes-
sengers, such as sphingosine-1-phosphate (Kolesnick, 2002).
A potential role of ceramide in peripheral pain sensitization
is documented by the observations that intradermal injection
of ceramide in rats produces dose-dependent hyperalgesia
and that TNF-a-induced thermal hyperalgesia in rats is
blocked by GW4869 (Delgado et al., 2006), an inhibitor of
neutral SMase (Joseph and Levine, 2004). That ceramide
may modulate nociception is underscored by studies of he-
reditary sensory neuropathy, an autosomal dominant disor-
der traced to certain missense mutations in serine palmitoyl-
transferase, the rate-limiting enzyme in generation of
ceramide from the de novo pathway. Such mutations increase
this enzyme’s activity and the levels of ceramide, triggering
apoptosis in peripheral sensory neurons and progressive de-
generation of dorsal root ganglia and motor neurons
(Dawkins et al., 2001). Furthermore, a deficiency of acid
ceramidase activity causes the inherited metabolic disorder
known as Farber disease (Rother et al., 1992). This sphingo-
lipid storage disease is characterized by a massive accumu-
lation of ceramide in subcutaneous lipid-loaded nodules, ex-
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cruciating pain in the joints and extremities, marked
accumulation of ceramide in lysosomes, and death in approx-
imately 3 to 4 years after birth (Rother et al., 1992).
Collectively, we hypothesize and show using several struc-
turally unrelated specific pharmacological inhibitors of the
sphingomyelin and de novo pathways that ceramide gener-
ated during repeated administration of morphine contributes
to the development of antinociceptive tolerance through
downstream pathways of neuroimmune activation. Our re-
sults provide a pharmacological basis for developing inhibi-
tors of ceramide biosynthesis as adjunct to opiates for pain
management, thus addressing a large and currently unmet
medical need with major socioeconomic consequences.

Materials and Methods

Induction of Morphine-Induced Antinociceptive Tolerance
in Mice

Male CD-1 mice (24-30 g; Charles River Laboratories, Inc., Wil-
mington, MA) were housed and cared for in accordance and guide-
lines of the Institutional Animal Care and Use Committee of the
Saint Louis University Medical Center, in accordance with the Guide
for Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, 1996) and the Universities of Rome and Messina
in compliance with Italian regulations on protection of animals used
for experimental and other scientific purpose (D.M. 116192), and
with European Economic Community regulations. The Institutional
Animal Care and Use Committee of Saint Louis University Medical
Center and the Universities of Rome and Messina approved all
studies. The numbers of animals used are the minimum number
necessary to achieve statistical significance at p < 0.05 as set forth
by the International Society for the Study of Pain guidelines (Covino
et al., 1980). Mice were housed five per cage and maintained under
identical conditions of temperature (21 = 1°C) and humidity (65% *
5%) with a 12-h light/dark cycle and allowed food ad libitum. Noci-
ceptive thresholds were determined by measuring latencies (in sec-
onds) of mice placed in a transparent glass cylinder on a hot-plate
(Ugo Basile, Comerio, Italy) maintained at 52°C. Determination of
antinociception was assessed between 7:00 and 10:00 AM. All injec-
tions were given intraperitoneally or subcutaneously in a volume of
0.1 and 0.3 ml, respectively, at approximately 7:00 AM and 4:00 PM.
Responses indicative of nociception included intermittent lifting
and/or licking of the hindpaws or escape behavior. Hot-plate laten-
cies were taken in mice from all groups on day 5 before (baseline
latency) and 40 min after an acute dose of morphine (0.3—3 mg/kg)
or its vehicle (saline) (response latency). Results expressed as per-
centage of maximum possible antinociceptive effect, which was cal-
culated as follows: (response latency — baseline latency)/(cut-off
latency — baseline latency) X 100. A cut-off latency of 20 s was
employed to prevent tissue damage. Ten mice per group were used,
and all experiments were conducted with the experimenters blinded
to treatment conditions. Fumonisin B1 (FB1), a competitive and
reversible inhibitor of ceramide synthase (Delgado et al., 2006),
myriocin, an inhibitor of serine palmitoyltransferase (Delgado et al.,
2006), D609, an inhibitor of the acid sphingomyelinase (Delgado et
al., 2006), or their vehicle (saline) were given daily intraperitoneally
15 min before each dose of morphine. The following experimental
groups were used.

Naive Group. In this group, mice were injected twice a day with
an intraperitoneal injection of saline (vehicle used to deliver the
drugs to the other groups over 4 days) and a subcutaneous injection
of saline (vehicle used to deliver morphine over 4 days). On day 5,
mice received an intraperitoneal injection of saline followed 15 min
later by a subcutaneous injection of saline.

Naive + Drug Groups. In these groups, mice were injected twice
a day for 4 days with an intraperitoneal injection of the highest dose
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of FB1 (1 mg/kg/day), myriocin (0.4 mg/kg/day), or D609 (20 mg/kg/
day) used and a subcutaneous injection of saline. On day 5, mice
received an intraperitoneal injection of FB1 (0.5 mg/kg), myriocin
(0.2 mg/kg), or D609 (10 mg/kg) followed 15 min later by a subcuta-
neous injection of saline.

Vehicle Group. In this group, mice were injected twice a day for
4 days with an intraperitoneal injection of saline and a subcutaneous
injection of saline. On day 5, mice received an intraperitoneal injec-
tion of saline followed 15 min later by a subcutaneous injection of
acute morphine eliciting near-to-maximal antinociception (3 mg/kg).

Vehicle + Drug Groups. In these groups, mice were injected
twice a day for 4 days with an intraperitoneal injection of the highest
dose of FB1 (1 mg/kg/day), myriocin (0.4 mg/kg/day), or D609 (40
mg/kg/day) used and a subcutaneous injection of saline. On day 5,
mice received an intraperitoneal injection of FB1 (0.5 mg/kg), myri-
ocin (0.2 mg/kg), or D609 (20 mg/kg) followed 15 min later by sub-
cutaneous doses of acute morphine giving between 10 and 95% of
antinociceptive responses within 40 min of administration (0.1-3
mg/kg).

Morphine Group. In this group, mice were injected twice a day
for 4 days with an intraperitoneal injection of saline and subcutane-
ous injection of morphine (20 mg/kg/day). On day 5, mice received an
intraperitoneal injection of saline followed 15 min later by a subcu-
taneous dose of acute morphine (3 mg/kg).

Morphine + Drug Groups. In these groups, mice were injected
twice a day for 4 days with an intraperitoneal injection of FB1 (0.25,
0.5, and 1 mg/kg/day), myriocin (0.1, 0.2, and 0.4 mg/kg/day), or D609
(10, 20, and 40 mg/kg/day) and subcutaneous injection of morphine
(20 mg/kg/day). On day 5, mice received an intraperitoneal dose of
FB1 (0.5 mg/kg), myriocin (0.2 mg/kg), or D609 (20 mg/kg) followed
15 min later by the subcutaneous doses of acute morphine (3 mg/kg).

In another set of experiments and to address whether FB1, myri-
ocin, or D609 reverse the expression of tolerance, mice were treated
twice a day with morphine as described above and on day 5 received
a single intraperitoneal dose of FB1 (1 mg/kg), myriocin (0.4 mg/kg),
or D609 (40 mg/kg) followed 15 min later by the acute dose of
morphine (3 mg/kg). On day 5 and after the behavioral tests, spinal
cord tissues from the lumbar enlargement segment of the spinal cord
(L,~Lg) and dorsal horn tissues were removed, and tissues were
processed for immunohistochemical, Western blot, and biochemical
analysis.

Rotorod Test

Mice were trained before experimentation for their ability to re-
main for 120 s on a revolving Rotorod apparatus (accelerating units
increase from 3.5-35 rpm in 5 min) as described. Mice (four per
group) were injected with an intraperitoneal injection of the highest
dose of FB1 (1 mg/kg), myriocin (0.4 mg/kg), or D609 (40 mg/kg) used
to block antinociceptive tolerance or its vehicle. Mice (n = 4 per
group) were tested and examined for motor impairments on the
Rotorod at 15, 30, and 60 min after drug administration as described
under Materials and Methods. The latency time to fall off the Rotorod
was determined (cut-off time used was 120 s).

Determination of Ceramide Synthase Activity

About 60 to 80 mg of spinal cord homogenates was incubated with
[PHlpalmitic acid (2.5 pCi/ml; GE Healthcare, Chalfont St. Giles,
UK) for 1 h. Lipids were extracted with ice-cold methanol containing
2% acetic acid and 5% chloroform and resolved using thin-layer
chromatography. Lipids comigrating with standards were scraped
and quantified by lipid scintillation counting as described previously
(Castillo et al., 2007).

Determination of Sphingomyelinase Activity

The sphingomyelinase activity was measured using Amplex Red
Sphingomyelinase Assay Kit (Molecular Probes, Carlsbad, CA) follow-
ing the manufacturer’s instructions. First, spinal cord tissues were

homogenized in buffers for each specific assay as described previously
(Dobrowsky and Kolesnick, 2001). For the acid isoforms, Na acetate
(100 mM at pH 5.0) lysis buffer was used. EDTA (2 mM) was added to
the lysis buffer for detection of the insoluble isoform. For neutral iso-
form detection, the tissues were homogenized in HEPES (20 mM, pH
7.4) lysis buffer. The kinetics for sphingomyelinase activity was mea-
sured in a fluorescence microplate reader for 2 h followed by normal-
ization per protein concentration of the sample. Hydrogen peroxide and
sphingomyelinase were used as positive controls.

Determination of Serine Palmitoyl Transferase Activity

Serine palmitoyl transferase (SPT) activity was determined by
measuring the incorporation of [*H]serine into 3-ketosphinganine
following the method described previously (Williams et al., 1984).
The results were normalized by the protein concentration of the
samples.

Light Microscopy

Spinal cord tissues (L,—Lg area) were taken on day 5 after
morphine treatment. Tissue segments were fixed in 4% (w/v)
PBS-buffered paraformaldehyde, and 7-pm sections were pre-
pared from paraffin-embedded tissues. Tissue transversal sec-
tions were deparaffinized with xylene, stained with hematoxylin/
eosin, and studied using light microscopy (Dialux 22; Leica,
Wetzlar, Germany) to study the superficial laminae of the dorsal
horn.

Immunohistochemistry for Ceramide, Glial Fibrillary
Acidic Protein, and IBa1

For ceramide staining, endogenous peroxidase was quenched with
0.3% (v/v) hydrogen peroxide in 60% (v/v) methanol for 30 min after
deparaffinization. Nonspecific adsorption was minimized by incubat-
ing the section in 2% (v/v) normal goat serum in PBS for 20 min.
Endogenous biotin or avidin binding sites were blocked by sequential
incubation for 15 min with biotin and avidin, respectively. Sections
were incubated overnight with anticeramide antibody [1:50 (v/v) in
PBS; Sigma-Aldrich, St. Louis, MO]. Sections were washed with PBS
and incubated with secondary antibody. The counter stain was de-
veloped with a biotin-conjugated goat anti-rabbit IgG and avidin-
biotin peroxidase complex (brown color) and nuclear fast red (red
background). Positive staining was detected as a brown color. To
verify the binding specificity for ceramide, some sections were also
incubated with only the primary antibody (no secondary) or with
only the secondary antibody (no primary). In these situations, no
positive staining was found in the sections, indicating that the im-
munoreactions were positive in all the experiments carried out. For
glial fibrillary acidic protein (GFAP) and IBla staining, frozen sec-
tions were used. In brief, mice were anesthetized with halothane
(Sigma-Aldrich) and intracardially perfused with a fresh solution of
4% paraformaldehyde in phosphate buffer (0.1 M sodium phosphate,
pH 7.4). After perfusion, the spinal cord lumbar enlargement was
quickly removed and postfixed in the same fixative overnight. Tis-
sues were then sunk in solution of 30% (w/v) sucrose in phosphate
buffer at 4°C until the tissues were processed for sectioning. Trans-
verse spinal sections (20 um) were cut in a cryostat and mounted on
polylysine-coated slides and processed for immunohistochemistry.
All of the sections were blocked with 2% goat serum in 0.3% Triton
X-100 for 1 h at room temperature (RT). For immunofluorescent
staining, the sequential spinal sections were incubated with primary
antibody, either polyclonal rabbit anti-GFAP (GFAP, astrocyte
marker, 1:500; Dako North America, Inc., Carpinteria, CA) or anti-
IBal (microglia marker, 1:500; Wako Pure Chemicals, Osaka, Japan)
overnight at 4°C, followed by incubation with fluorescein isothiocya-
nate-conjugated (for GFAP) or Texas red-conjugated (for IBal) sec-
ondary antibodies (1:500) for 2 h at RT in the dark. After washing,
the stained sections were examined with a fluorescence microscope
(Fluovert; Leica), and images were captured with a Sony DX500
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Fig. 1. The development of morphine antinociceptive tolerance is prevented by inhibitors of ceramide biosynthesis. On day 5. acute injection of
morphine (3 mg/kg) in animals that received saline over 4 days [vehicle group (V)] produced a significant antinociceptive response compared with
responses observed in animals that received an equivalent volume of saline [naive group (N)] (a—c). On the other hand, a significant loss to the
antinociceptive effect of the acute injection of morphine was observed in tolerant animals [morphine (Mor) group] (a—c). The development of tolerance
was associated with increased activity of CS (d), SPT (e), and ASMAse (insoluble form). Inhibitors of CS, SPT, and SMAse, namely FB1 (1 mg/kg/day,
n =10), Myr (0.4 mg/kg/day, n =10), and D609 (40 mg/kg/day, n =10), blocked the increased enzymatic activities of their respective enzymes (d—f).
Finally, coadministration of morphine over 4 days with FB1 (0.25-1 mg/kg/day, a), Myr (0.1-0.4 mg/kg/day, b), or D609 (10—40 mg/kg/day, c¢) inhibited
the development of tolerance in a dose-dependent manner. Results are expressed as mean *+ S.E.M. for 10 animals. O, p < 0.001 for vehicle versus
naive; #, p < 0.001 for morphine alone versus vehicle; f, p < 0.001 for morphine plus drug versus morphine alone.
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Fig. 2. Immunohistochemical detection of ceramide. No positive staining for ceramide was observed in the dorsal horn compared with ventral horn
tissues of control groups (a—a3). Five days after morphine treatment, a marked appearance of positive staining for ceramide (brown) was observed in
the dorsal horn compared with the ventral horn (b—b3, see arrows). FB1 treatment abolished the presence of positive staining for ceramide (c—c3).
Tissue sections were stained using 3,3’-diaminobenzidine. Representative of at least three experiments performed on different days. Tissues from the
dorsal and ventral spinal cord were taken on the same day and processed together.

digital camera (Sony, Tokyo, Japan). All images were taken at the
same exposure settings. To determine the specificity of immunore-
action, the negative control sections were processed as in the above
procedures but omitting the primary antibody.

Immunoprecipitation and Western Blot

Animals were rapidly sacrificed (<1 min) in a CO, chamber, and the
dorsal portion of the spinal cord lumbar region enlargement was re-
moved and stored at —80°C until used. Cytosolic and nuclear extracts
were prepared as described previously (Bethea et al., 1998), with minor
modifications. In brief, tissues from each mouse were suspended in
extraction buffer A (0.2 mM phenylmethylsulfonyl fluoride, 0.15 pM
pepstatin A, 20 uM leupeptin, 1 mM sodium orthovanadate), homoge-
nized for 2 min, and centrifuged at 1000g for 10 min at 4°C. Superna-
tants were collected as the cytosolic fraction. The pellets containing
nuclei were resuspended in buffer B (1% Triton X-100, 150 mM NacCl,
10 mM Tris-HCL, pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.2 mM phenyl-
methylsulfonyl fluoride, 20 pm leupeptin, 0.2 mM sodium orthovana-
date). After centrifugation for 30 min at 15,000g at 4°C, the superna-
tants were collected as nuclear extracts and then stored at —80°C for
further analysis. The levels of IkB-a and phospho-NF-«kB p65 (Ser536)
were quantified in cytosolic fraction from spinal cord tissue, whereas
NF-«B p65 levels were quantified in nuclear fraction. The membranes
were blocked with 5% (w/v) nonfat dried milk in 1X PBS for 40 min at
room temperature and subsequently probed with specific anti-IkB-a
(1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), phospho-
NF-kB p65 (Ser536) (1:1000; Cell Signaling Technology Inc., Danvers,
MA), GFAP, or IBal with 5% (w/v) nonfat dried milk in 1X PBS and

0.1% Tween 20 at 4°C overnight, followed by incubations with either
peroxidase-conjugated bovine anti-mouse IgG secondary antibody or
peroxidase-conjugated goat anti-rabbit IgG (1:2000; Jackson Immu-
noResearch Laboratories Inc., West Grove, PA) for 1 h at room temper-
ature. Manganese superoxide dismutase (MnSOD) nitration was deter-
mined with Western blot analysis of immunoprecipitated protein
complex in total lysates using antibodies specific to these proteins. In
brief, the immunoprecipitated proteins were resolved in 12% SDS-
polyacrylamide gel electrophoresis mini and proteins transferred to
nitrocellulose membranes. Membranes were blocked for 1 h at RT in 1%
bovine serum albumin/0.1% thimerosal in 50 mM Tris-HCl, pH 7.4/150
mM NaCl/0.01% Tween 20 (TBS/T), then incubated with rabbit poly-
clonal antibodies for MnSOD (1:2000; Upstate Biotechnology, Billerica,
MA) followed by incubation of secondary antibodies conjugated with
peroxidase for 1 h at room temperature. Protein bands were visualized
by enhanced chemiluminescence (Amersham Biosciences). After strip-
ping, all membranes were reprobed with either monoclonal anti-B-actin
or a-tubulin antibody (1:20,000; Sigma-Aldrich) as a loading control.
The relative expression of the protein levels as the band density for
IkB-a (~37 kDa), phospho-NF-«B (65 kDa), NF-kB p65 (75 kDa), Mn-
SOD (~29 kDa), GFAP (~50 kDa), and Ibal (~17 kDa) was quantified
by scanning of the X-ray films with GS-700 Imaging Densitometer
(Bio-Rad, Hercules, CA) and a computer program (Molecular Analyst;
IBM, New York, NY).

Measurement of Mn and Cu,Zn-SOD Activities

Dorsal half of the spinal cord lumbar region enlargement (L,—Lg)
was homogenized with 10 mM phosphate-buffered saline, pH 7.4, in
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Fig. 3. Lack of effect of ceramide inhibitors on antinociceptive responses
to acute morphine in nontolerant animals. On day 5, acute injection
morphine (0.3-3 mg/kg) in animals that received saline over 4 days
produced a dose-dependent significant antinociceptive response com-
pared with responses obtained in animals receiving an equivalent volume
of its vehicle. The antinociceptive response to morphine was not altered in
animals that were treated over 4 days with Myr (0.4 mg/kg/day), FB1 (1
mg/kg/day), or D609 (40 mg/kg/day), indicating lack of an acute interac-
tion between morphine and ceramide synthesis inhibitors. Results are
expressed as mean + S.E.M. for 10 animals. *, p < 0.001 for vehicle plus
morphine versus vehicle alone.
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a Polytron homogenizer and then sonicated on ice for 1 min (20 s,
three times). The sonicated samples were subsequently centrifuged
at 1100g for 10 min, and SOD activity was measured in the super-
natants as described previously (Wang et al., 2004). In brief, a
competitive inhibition assay was performed that used xanthine-
xanthine oxidase-generated superoxide to reduce nitroblue tetrazo-
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lium to blue tetrazolium salt. The reaction was performed in sodium
carbonate buffer (50 mM, pH 10.1) containing EDTA (0.1 mM),
nitroblue tetrazolium (25 wM), xanthine, and xanthine-oxidase (0.1
mM and 2 nM, respectively; Boehringer Ingelheim GmbH, In-
gelheim, Germany). The rate of nitroblue tetrazolium reduction was
monitored spectrophotometrically (PerkinElmer Lambda 5 Spectro-
photometer; PerkinElmer Life and Analytical Sciences, Waltham,
MA) at 560 nm. The amount of protein required to inhibit the rate of
NTB reduction by 50% was defined as 1 unit of enzyme activity.
Cu,Zn-SOD activity was inhibited by performing the assay in the
presence of 2 mM NaCN after preincubation for 30 min. Enzymatic
activity was expressed in units per milligram of protein (Wang et al.,
2004).

Statistics

For paired group analysis, Student’s ¢ test was performed. For
paired multiple groups, analysis of variance followed by Student-
Newman-Keuls test was employed to analyze the data. Results are
expresses as mean = S.E.M. for n animals. A statistical significant
difference was defined as a p value < 0.05.

Results

Inhibition of Ceramide Biosynthesis Blocks Mor-
phine Antinociceptive Tolerance without Affecting
Motor Function. Compared with animals receiving an
equivalent injection of saline (naive group), acute injection of
morphine (3 mg/kg) in animals that received saline over 4
days (vehicle group) produced a significant near-maximal
antinociceptive response [percentage maximal possible an-
tinociceptive effect (%MPE), ranging from 90-95%] (Fig. 1,
a—c). On the other hand, repeated administration of mor-
phine over the same time course (morphine group) led to the
development of antinociceptive tolerance, as evidenced by a
significant loss of its antinociceptive response (Fig. 1, a—c).

Fig. 4. The development of nitroxida-
tive stress during morphine antinoci-
ceptive tolerance is blocked by an in-
hibitor of ceramide biosynthesis, FB1.
On day 5, acute injection of morphine
did not lead to the appearance of NT
staining in the dorsal horn (a). On the
other hand, acute administration of
morphine on day 5 after repeated ad-
ministration of morphine led to signif-
icant protein nitration, as detected by
immunohistochemistry (b, see ar-
rows), post-translational nitration (d),
and enzymatic inactivation of MnSOD
(f). Coadministration of morphine over
4 days with FB1 (1 mg/kg/day) atten-
uated NT staining (c), prevented Mn-
t1 SOD nitration (d), and restored its en-
Tt zymatic activity in a dose-dependent
manner (0.125-1 mg/kg/day, f; n =5
and 10, respectively). Total protein
t levels did not change among groups as
measured by Western blotting analy-
sis (e). Gels shown in d and e are rep-
resentative of gel results obtained
from six animals. Micrographs (X10
magnification) are representative of at
least five from different animals per-
formed on different days and are
taken from the superficial layers of
the dorsal horn, the anatomical site
that stains for NT during tolerance
(Muscoli et al., 2007). *, p < 0.001 for
morphine versus vehicle; , p < 0.05;
Ff, p < 0.001 for morphine plus FB1
versus morphine alone.
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Antinociceptive tolerance was associated with increased en-
zymatic activity of ceramide synthase (CS; Fig. 1d), SPT (Fig.
le), and the insoluble form of acid sphingomyelinase (AS-
Mase; Fig. 1f) and was also associated with the appearance of
ceramide in the superficial layers of the dorsal horn, as
detected by immunohistochemistry (arrows, Fig. 2, b—b3).
Activities of the soluble form of ASMase and the neutral
SMase were not changed compared with vehicle (data not
shown). Baseline latencies in vehicle and morphine groups
were statistically insignificant from each other and ranged
between 6 and 8 s (n = 10).

To investigate whether the increased ceramide synthesis
had a functional role in the development of morphine’s an-
tinociceptive tolerance, morphine was coadministered with
specific inhibitors of both de novo and sphingomyelinase
pathways. Coadministration of morphine with FB1 (1 mg/kg/
day, n = 10), a competitive and reversible inhibitor of cer-
amide synthase (Delgado et al., 2006), attenuated, as ex-
pected, the increase in CS activity (Fig. 1d) and ceramide
immunostaining (Fig. 2, c-c3) and attenuated in a dose-
dependent manner (0.1-1 mg/kg/day, n = 10) the develop-
ment of tolerance (Fig. la). Similar results were obtained
with another inhibitor of the de novo pathway, myriocin,
which targets the rate-limiting, most upstream enzyme,
serine palmitoyltransferase (Delgado et al., 2006). Coadmin-

- v Mor Mor + FB1
o« R o
R
3.5
al » ]
5 3.0
é 251 1
,E 2.01
E 151
1.01
£ os ‘
b \\
g v Mor  Mor+FB1
C v Mor Mor + FB1
was o e e
e — 0
=
cl § 1.5
'E *
E -
8 1.0
$
0.54
£ r
-
< 0.0°
v Mor Mor+FB1

istration of morphine with myriocin (0.4 mg/kg/day, n = 10)
blocked, as expected, the activation of SPT (Fig. le), the
increase in ceramide immunostaining (data not shown), and
the development of antinociceptive tolerance in a dose-
dependent manner (0.1-0.4 mg/kg/day, n = 10) (Fig. 1b).
The role of the SMase pathway was determined by treating
animals with D609 (10—40 mg/kg/day, n = 10), an inhibi-
tor of this enzyme (Delgado et al., 2006). When coadmin-
istered with morphine, D609 (40 mg/kg/day, n = 10)
blocked the increased activity of ASMase (Fig. 1f) and
ceramide immunostaining (data not shown) and blocked in
a dose-dependent manner (10—40 mg/kg/day, n = 10) the
development of tolerance (Fig. 1c¢). Because the inhibitory
activities of D609 are not limited to SMase but may also
include sphingomyelin synthase, it is possible that inhibi-
tion of both enzymes accounted for the overall beneficial
action of D609 against tolerance development (Delgado et
al., 2006).

To establish whether these inhibitors when tested at the
highest dose shown to block antinociceptive tolerance cause
motor function impairment, mice were treated with myriocin
(0.4 mg/kg), FB1 (1 mg/kg), or D609 (40 mg/kg) and then
tested on the Rotorod for potential motor function deficits at
15, 30, and 60 min after drug administration. Compared with
the vehicle-treated group, these drugs did not show signs of
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Fig. 5. NF-«B activation during morphine antinociceptive tolerance is blocked by an inhibitor of ceramide biosynthesis, FB1. On day 5, compared with
responses to acute morphine in the vehicle group, repeated administration of morphine over the same time course (Mor group) led to NF-kB activation
as evidenced by: 1) a decrease in the basal level of IkB-a (a and al), 2) a significant increase in phosphorylation of Ser536 (b and b1), and 3) an increase
in the nuclear levels of the NF-kB p65 (c and c1); these were events blocked by FB1 (1 mg/kg/day, a—c, al—cl). Results are expressed as mean + S.E.M.
for n =5 animals. *, p < 0.001 for morphine alone versus vehicle; , p < 0.05 and 1, p < 0.05 for morphine plus drug versus morphine alone.
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Rotorod deficits over the observed time frame (n = 4, data not
shown).

Inhibition of Ceramide Biosynthesis Does Not Affect
the Acute Antinociceptive Effects to Morphine. The
inhibitory effects of FB1, myriocin, or D609 were not attrib-
utable to acute antinociceptive interactions among FBI,
myriocin, or D609 and morphine because the responses to
acute morphine (0.3-3 mg/kg, n = 10) in animals treated
with the highest dose of FB1 (1 mg/kg/day, n = 10), Myr (0.4
mg/kg/day, n = 10), D609 (40 mg/kg/day, n = 10), or their
vehicle over 5 days were statistically insignificant (Fig. 3).
These results suggest that ceramide is not involved in spinal
neurotransmission and antinociceptive signaling in response
to brief administration of morphine. When tested alone, at
the highest dose, FB1, myriocin, or D609 had no antinocicep-
tive effects. Thus, on day 5, hot-plate latencies after a sub-
cutaneous injection of saline in the vehicle group or in ani-
mals that received the highest dose of FB1, myriocin, or D609
were statistically insignificant and ranged between 6 and 7 s
(n = 10; data not shown).

Inhibition of Ceramide Biosynthesis Does Not Re-
verse Established Morphine Tolerance. Loss of the an-
tinociceptive effect of morphine observed on day 5 in the
morphine group was not restored by a single administration
of the highest dose of FB1 (1 mg/kg, n = 6), myriocin (0.4
mg/kg/day, n = 6), or D609 (40 mg/kg, n = 6) used and given
by intraperitoneal injection 15 min before the acute dose of
morphine (3 mg/kg). Thus, the %MPE was 96 = 3,10 £ 2,7 +
3,13 + 2, and 11 * 2% for the vehicle, morphine, morphine
plus FB1, morphine plus myriocin, and morphine plus D609
groups, respectively (n = 6, p < 0.5 for all groups). These
results suggest that these pharmacological agents inhibit the
development of, and not the expression of, tolerance.

The profound and equal inhibitory effect of myriocin, FB1,
and D609 indicated that controlling ceramide levels in the
dorsal horn of the spinal cord is paramount to preventing
antinociceptive tolerance, regardless of the enzymatic path-
way by which it is synthesized. Therefore, only FB1 was
chosen as an effective and well characterized inhibitor of
ceramide biosynthesis in subsequent mechanistic studies
aimed to understand the downstream pathophysiological ef-
fects initiated by an increase in spinal cord ceramide.

Inhibition of Ceramide Biosynthesis Attenuates Per-
oxynitrite-Derived Nitroxidative Stress.

We have reported recently that peroxynitrite is a key
player in the development of morphine antinociceptive toler-
ance and have provided data to show that formation of 3-ni-
trotyrosine (NT) in the superficial layers of the dorsal horn
during morphine antinociceptive tolerance originates from
spinal production of peroxynitrite (Muscoli et al., 2007).
Therefore, detection of NT in this setting can be reliably used
as a marker of peroxynitrite. We now show that the appear-
ance of NT staining in tolerant mice (Fig. 4b) was blocked by
coadministration of morphine with FB1 (1 mg/kg/day; Fig.
4c), suggesting the contribution of ceramide in the production
of spinal peroxynitrite. Post-translational nitration and en-
zymatic inactivation of MnSOD in the spinal cord are impor-
tant sources for sustaining high levels of spinal peroxynitrite
during the development of central sensitization associated
with morphine antinociceptive tolerance (Muscoli et al.,
2007). As can be seen in Fig. 4, FB1 (1 mg/kg/day) prevented
post-translational nitration of mitochondrial MnSOD as

shown by immunoprecipitation (from 400 * 50 to 850 = 70
densitometry units = S.E.M. for vehicle and morphine, re-
spectively, n = 5, p < 0.001; and from 850 * 70 to 350 = 45
for morphine and morphine plus FB1, respectively,n = 5,p <
0.001; a representative gel of five animals is shown in Fig. 4d)
and restored in a dose-dependent manner (0.25—-1 mg/kg/day,
n = 5), the loss of its enzymatic activity as measured spec-
trophotometrically (Fig. 4f). Total levels of MnSOD protein
did not change among the three groups (a representative gel
of five animals is shown in Fig. 4e).

Inhibition of Ceramide Biosynthesis Attenuates Neu-
roimmune Activation. On day 5, when compared with the
vehicle group, acute injection of morphine (3 mg/kg, n = 10) in
the morphine group led to a significant activation of NF-«B, as
demonstrated by IkB-a degradation (Fig. 5, a and al), increased
Ser536 phosphorylation (Fig. 5, b and b1), and increased total
NF-kB p65 nuclear expression (Fig. 5, ¢ and c¢1). Furthermore,
acute injection of morphine in the morphine group increased
glial cell activation determined by enhanced spinal expression
of GFAP (a cellular marker for astrocytes; from 5455.13 = 0.514
to 7343.95 = 0.527 densitometry units, n = 5, p < 0.01; Fig. 6b)
and IBal [ionized calcium-binding adaptor molecule 1; a cellu-
lar marker for microglia (Narita et al., 2006), from 241.66 *+
0.039 to 541.29 = 0.073 densitometry units + SE.M.,n =5,p <
0.001; Fig. 6e], measured by immunohistochemistry and West-
ern blotting (data not shown). Finally, acute injection of mor-
phine in the morphine group increased immunoreactivity for
TNF-q, IL-1B, and IL-6 in the dorsal horn of the lumbar spinal

GFAP IHC IBa1 IHC

Vehicle

B0 pm

Morphine

B0zm

Morphine+FB1

Fig. 6. Activation of spinal glial cells during morphine antinociceptive
tolerance is blocked by an inhibitor of ceramide biosynthesis, FB1. Com-
pared with vehicle (a and d), acute administration of morphine in tolerant
mice led to neuroimmune activation, as evidenced by: 1) increased GFAP
(marker of activated astrocytes, b) and IBal (marker of activated micro-
glial cells, and e) immunoreactivity in the superficial layers of the dorsal
horn, the activation of which was blocked by FB1 (1 mg/kg/day, ¢ and f).
Micrographs (X20 magnification) are representative of at least three
from different animals performed on different days.
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cord, as measured by enzyme-linked immunosorbent assay (n =
10, Fig. 7, a—c). NF-«kB activation was attenuated by FB1 (1
mg/kg/day) (Fig. 5, a—c), as was the activation of astrocytes
(from 7343.95 = 0.527 to 4627.38 = 0.483 densitometry units +
S.EM., n = 5, p < 0.001; Fig. 6¢) and microglial cell (from
541.29 + 0.073 to 275.53 = 0.053 densitometry units = S.E.M.,
n =5, p < 0.001; Fig. 6f). Fumonisin B1 (0.25-1 mg/kg/day, n =
10) reduced in a dose-dependent fashion increased release of
TNF-a, IL-1B, and IL-6 (Fig. 7, a—c).

Discussion

The objectives of our study were to establish whether cer-
amide plays a role in the development of morphine antinoci-
ceptive tolerance and, if so, by what mechanism(s). Our re-
sults revealed a novel mechanism triggered by repeated
administration of morphine, which increased the activity of
enzymes involved in the biosynthesis of ceramide from both
the de novo and sphingomyelinase pathways; pharmacologi-
cal inhibition of both pathways blocked the development
of antinociceptive tolerance (Fig. 8). Thus, these enzymatic
pathways were functionally responsible for both spinal cord
ceramide synthesis and antinociceptive tolerance to mor-
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phine. The critical role of ceramide in the control of neural
apoptosis has been attributed to its generation through both
sphingomyelin hydrolysis by neutral (Brann et al., 2002)
and/or acid sphingomyelinases and de novo synthesis (Blazquez
et al., 2000). The findings that the activity of the soluble and
neutral forms of SMAse did not increase in response to repeated
morphine administration can be interpreted to suggest that
either these enzyme isoforms do not contribute to the develop-
ment of tolerance or that they do but that their enzymatic
activity returned to baseline levels at the time of assay. Ad-
dressing the relative contributions of each isoform will be done
reliably as selective inhibitors are developed. The profound and
equal inhibitory effect of the three pharmacological inhibitors
myriocin, FB1, and D609 on the antinociceptive tolerance to
morphine indicated that controlling ceramide levels in the dor-
sal horn of the spinal cord is paramount to preventing tolerance,
regardless of the enzymatic pathway by which it is synthesized.
Therefore, only FB1 was chosen as an effective and well char-
acterized inhibitor of ceramide biosynthesis in subsequent
mechanistic studies aimed to understand the downstream
pathophysiological effects initiated by an increase in spinal cord
ceramide. The upstream events that link repeated morphine

v 0
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Fig. 7. Increased spinal production of proinflammatory and pronociceptive cytokines are blocked by an inhibitor of ceramide biosynthesis, FB1. On
day 5, when compared with responses to acute morphine in the vehicle group, repeated administration of morphine over the same time course (Mor
group) led to a significant increase in TNF-a, IL-1B, and IL-6 levels in dorsal horn tissues (a—c), which were reduced by FB1 in a dose-dependent
manner (0.25-1 mg/kg/day, n =10; a—c). Results are expressed as mean = S.E.M. for n =10 animals. #, p < 0.001 for morphine alone versus vehicle;
F, p < 0.05 and §f, p < 0.05 for morphine plus drug versus morphine alone.
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Fig. 8. Cartoon summarizing the key
findings of this study. Formation of
ceramide in the spinal cord during re-
peated administration of morphine
plays a critical role in the develop-
ment of morphine-induced antinoci-
ceptive tolerance through formation of
peroxynitrite-mediated nitroxidative
stress and neuroimmune activation
(glial cell activation and release of
proinflammatory cytokines) after acti-
vation of NF-kB. The overall pathway
can, in turn, be amplified through
feedback activation of ceramide bio-
synthesis by several nitroxidative spe-
cies, including peroxynitrite. Inhibi-
tion of ceramide by inhibitors of the
ceramide metabolic pathway such as
FB1 blocked these pathways, leading
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NF-kB responsive gene transcription

administration with the activation of ceramide biosynthesis
remain to be elucidated.

Our data implicate ceramide as an upstream signaling
mediator in one of two major patho-biochemical mechanisms
for development of morphine antinociceptive tolerance,
namely peroxynitrite-mediated nitroxidative stress and neu-
roimmune activation (Fig. 8). Considerable evidence impli-
cates peroxynitrite-mediated nitroxidative stress in the de-
velopment of pain of several etiologies and importantly in
opiate antinociceptive tolerance, caused by the presence of
superoxide (Salvemini, 2001; Muscoli et al., 2007), nitric
oxide (Pasternak, 1995), and, more recently, peroxynitrite
(Muscoli et al., 2007). Ceramide stimulates the formation of
reactive nitroxidative species, including superoxide and ni-
tric oxide (Pahan et al., 1998; Goldkorn et al., 2005). In turn,
superoxide, nitric oxide, and peroxynitrite can increase
steady-state concentrations of ceramide by activating sphin-
gomyelinases and by increasing the degradation of cerami-
dases, the enzymes responsible for the degradation of cer-
amide (Pautz et al., 2002). These data support the close and
reciprocal interaction between the nitroxidative and cer-
amide metabolic pathways; such close interplay contributes
to the overall increase in the levels of ceramide and thus
ceramide-mediated damage. The findings in the present
study that inhibition of ceramide biosynthesis blocked per-
oxynitrite suggest that ceramide is an important signaling
event in its formation, further supporting the intimal rela-
tionship between the ceramide metabolic and the nitroxida-
tive pathways as observed in other pathological settings (De-
logu et al., 1999; Kolesnick, 2002; Goggel et al., 2004; Masini
et al., 2005; Petrache et al., 2005). A biologically relevant
feature of peroxynitrite is post-translational tyrosine nitra-
tion and consequent modification of protein function (Radi,
2004), as exemplified by MnSOD, the enzyme that normally

proinflammatory cytokines and
nitroxidative species

ach"s
Glial cell activation. relea%\

N, to inhibition of antinociceptive toler-
ance. The ceramide metabolic path-
way is an attractive target for novel
approaches in the management of

pain.

Antinociceptive
Tolerance

keeps concentrations of superoxide under tight control (Mc-
Cord and Fridovich, 1969). Peroxynitrite-mediated nitration
of MnSOD inactivates the enzyme, leading to an increase in
superoxide levels, thereby favoring peroxynitrite formation
in several disease states (Yamakura et al., 1998, 2001; Mac-
Millan-Crow et al., 2001), including in the development of
morphine tolerance (Muscoli et al., 2007) and hyperalgesia
associated with acute inflammation and in response to N-
methyl-D-aspartate receptor activation (Wang et al., 2004;
Muscoli et al., 2007). As shown in this study, inhibition of
ceramide biosynthesis by attenuating the formation of per-
oxynitrite mediated blocked nitration of MnSOD, thus restor-
ing the enzymatic activity of this enzyme. Thus, FB1 inter-
rupted a potentially vicious circle known to influence the
presence of nitroxidative stress.

Neuroimmune activation contributes to morphine antino-
ciceptive tolerance, as shown in both preclinical (Song and
Zhao, 2001; Watkins et al., 2007) and clinical (Lu et al., 2004)
studies. Thus, anticytokine approaches and/or inhibitors of
glial cell metabolism block morphine-induced hyperalgesia
and antinociceptive tolerance (Song and Zhao, 2001; Watkins
et al., 2007). Ceramide activates, through mechanisms ill-
defined, several redox-sensitive transcription factors, includ-
ing NF-kB, which in turn regulate the production of many
inflammatory and pronociceptive cytokines; inhibition of cer-
amide biosynthesis with inhibitors of the sphingomyelinase
or de novo pathways blocks NF-kB activation and synthesis
of TNF-«, IL-1B, and IL-6 in animal models of acute and
chronic inflammation (Delogu et al., 1999; Kolesnick, 2002;
Goggel et al., 2004; Masini et al., 2005; Petrache et al., 2005).
For the first time, our results identify ceramide as a signaling
mediator in neuroimmune activation and suggest that acti-
vation of NF-«kB is a key step in this process. Inhibition of
ceramide biosynthesis by FB1 prevented NF-«B activation,
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blocked astrocytic and microglial cell activation, and sup-
pressed the increase in TNF-«, IL-1B, and IL-6 in dorsal horn
tissues blocking antinociceptive tolerance. We propose that a
likely mechanism through which ceramide activates NF-«xB
is via peroxynitrite. This is supported by the fact that: 1)
inhibition of ceramide biosynthesis blocks spinal formation of
peroxynitrite (this study), 2) peroxynitrite activates several
redox-sensitive transcriptions, including NF-«xB and AP-1,
and mitogen-activated protein kinase kinases such as p38
kinase to release TNF-a, IL-1B, and IL-6 (Matata and Gali-
nanes, 2002; Ndengele et al., 2005); and 3) peroxynitrite
contributes to the development of antinociceptive tolerance
through release of spinal TNF-«, IL-18, and IL-6 (Muscoli et
al., 2007). It is important that glial cells activation can gen-
erate several nitroxidative species implicated in the develop-
ment of morphine antinociceptive tolerance, including super-
oxide (Salvemini, 2001; Muscoli et al., 2007), nitric oxide
(Pasternak, 1995), and peroxynitrite (Muscoli et al., 2007).
On a final note, it is important to recognize that ceramide is
a potent proapoptotic signaling lipid, and spinal apoptosis
has been linked to antinociceptive tolerance (Mayer et al.,
1999; Lim et al., 2005). In this context, whether ceramide
contributes to the formation of dorsal horn “dark neurons”
(Mayer et al., 1999) observed in antinociceptive tolerance is a
viable possibility that needs to be explored in future studies.

Our focus addressed the involvement of ceramide within
the dorsal horn of the spinal cord; thus, our data cannot
exclude the contribution of ceramide in antinociceptive toler-
ance at supraspinal sites. This exciting possibility will be
pursued in future studies. In summary, results derived from
our studies have defined, for the first time, the importance of
ceramide in the development of antinociceptive tolerance and
have provided evidence for the contribution of at least two
mechanistic pathways through which this sphingolipid ex-
erts its actions, namely peroxynitrite-derived nitroxidative
stress and neuroimmune activation (Fig. 8). These data pro-
vide a pharmacological basis validating the approach of de-
veloping inhibitors of the ceramide metabolic pathway as
adjuncts to opiates in the management of pain.
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