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Abstract
Opiates, like morphine, are the most effective analgesics for treating acute and chronic severe pain,
but their use is limited by the development of analgesic tolerance and hypersensitivity to innocuous
and noxious stimuli. Because opioids are a mainstay of pain management, restoring their efficacy
has great clinical importance. We have recently demonstrated that spinal ceramide, a sphingolipid
signaling molecule plays a central role in the development of morphine antinociceptive tolerance.
We now report that ceramide up-regulation in dorsal horn tissues in response to chronic morphine
administration is associated with significant neuronal apoptosis. Inhibition of ceramide biosynthesis
attenuated both the increase in neuronal apoptosis and the development of antinociceptive tolerance.
These findings indicate that spinal ceramide upregulation is a key pro-apoptotic event that occurs
upstream of the development of morphine antinociceptive tolerance and support the rationale for
development of inhibitors of ceramide biosynthesis as adjuncts to opiates for the management of
chronic pain.
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The mechanisms by which prolonged opiate exposure induce hypersensitivity and tolerance
remain unclear. Several pathogenic processes that occur at the level of the spinal cord have
been implicated in the development of opiate tolerance. These include nitric oxide and
superoxide-derived peroxynitrite (ONOO-, PN) production and PN induced nitroxidative stress
[3,27], neuroimmune activation [herein defined as glial cell activation and release of
proinflammatory cytokines such as tumor necrosis factor-α (TNF-α)] [35,38], and neuronal
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apoptosis [20,23]. We have recently shown that the potent pro-inflammatory sphingolipid
ceramide, generated by either the de novo pathway or the sphingomyelinase pathway is an
important signaling mediator in the development of antinociceptive tolerance [28] (Fig. 1). The
mechanisms whereby chronic administration of morphine increase ceramide are not known
but may involve activation of the μ-receptor and/or neuroimmune activation. To this end, it is
well established that cytokines such as TNF-α can increase ceramide production [16]. Ceramide
is one of the most potent endogenous pro-apoptotic mediators discovered to date [17,18]. The
involvement of ceramide in apoptosis has in fact been implicated in radiation-induced injury
[17], sepsis [8], emphysema [31] and asthma [24] which share with antinociceptive tolerance
roles of apoptosis in their pathogenesis. That ceramide may modulate nociceptive processing
through apoptosis is supported by studies of hereditary sensory neuropathy, an autosomal
dominant disorder traced to certain missense mutations in serine palmitoyltransferase, 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 degeneration of dorsal root ganglia and motor neurons [5]. We have
recently shown that spinal formation of ceramide fosters the development of antinociceptive
tolerance through formation of PN and neuroimmune activation [28]. We now hypothesize and
show for the first time that spinal formation of ceramide contributes to the development of
antinociceptive tolerance at least in part by engaging spinal pathways leading to neuronal
apoptosis.

Male CD-1 mice (24-30g; Charles River Laboratory) were housed and cared for in accordance
and guidelines of the Institutional Animal Care and Use Committee (IACUC) of the Saint Louis
University Medical Center and in accordance with the NIH Guidelines on Laboratory Animal
Welfare and the University of Messina in compliance with Italian regulations on protection of
animals used for experimental and other scientific purpose (D.M. 116192) as well as with
European Economic Community regulations. The IACUC of Saint Louis University Medical
Center and the University of Messina approved all studies. Mice were housed 4-5 per cage and
maintained under identical conditions of temperature (21 ± 1°C) and humidity (65% ± 5%)
with a 12-hour light/12-hour dark cycle and allowed food ad libitum. The tail flick test, which
measures withdrawal latencies of the tail from a noxious radiant heat source, was used to
measure thermal nociceptive sensitivity [4]. The intensity of the heat stimulus was adjusted so
that the mouse flicked its tail after 2-4 s. A cut-off time of 15 s was imposed to prevent tissue
damage. Mice received a subcutaneous (sc, 0.2 ml) injection of morphine (20 mg/kg) or its
vehicle sterile saline twice daily at 0800-0900 h and 1600-1700 h for 4 days. Fumonisin B1
(FB1) or its vehicle were given by intraperitoneal (i.p) injections (0.2 ml) twice a day and 15
minutes before each morphine injection over the 4 days for the drugs to be distributed more
constantly. On day 5, and approximately 16 h after the last morphine injection, each mouse
was tested twice on the hot plate and the latency (s) reaction times averaged to obtain a baseline.
Mice were then treated with acute subcutaneous (s.c) injection of morphine (10 mg/kg) to study
the expression of tolerance. Data obtained were then converted to percentage maximal possible
antinociceptive effect (%MPE) as equal to: (response latency–baseline latency)/(cut off
latency–baseline latency) × 100. Ten mice per group were used and all experiments were
conducted with the experimenters blinded to treatment conditions. Statistical analysis was
performed by one-way ANOVA, followed by multiple Student-Newman-Keuls post hoc test.
A significant difference was defined as a P <0.05.

On day 5, the % MPE in response to an acute injection of morphine in mice that received saline
twice a day for 4 days (Veh-Sal group) was 95±5% (n=10). On the other hand, the %MPE of
acute morphine on day 5 in mice that received chronic morphine over the same time frame
(Veh-Mor group) was 12±3% (P<0.001; n=10) indicative of the induction of antinociceptive
tolerance. This antinociceptive tolerance was associated with increased enzymatic activity in
dorsal horn tissues of ceramide synthase, enzyme involved in the biosynthesis of ceramide
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from the de novo pathway (Fig. 2). Co-administration of morphine over 4 days with FB1 (0.25-1
mg/kg/day, n=10) a competitive and reversible inhibitor of ceramide synthase [7] blocked, as
expected, the increased enzymatic activity of ceramide synthase [measured as described
previously [28]] and the development of antinociceptive tolerance (Fig. 2), at doses previously
shown to be devoid of motor function impairment [28].

Ceramide fosters morphine antinociceptive tolerance through PN mediated nitroxidative stress
in dorsal horn tissues [28]. Under such nitroxidative stress situations, excessive DNA damage
causes overt activation of the nuclear enzyme poly-ADP ribose-polymerase (PARP) [3,27].
PARP is a critical intracellular mechanism of cell death through both necrotic and apoptotic
pathways [14]. In fact, PARP activation induces excitotoxic transynaptic morphological
changes in superficial dorsal horn “dark neurons” in morphine-induced antinociceptive
tolerance and hyperalgesia as well as in neuropathic pain [23,25]. Inhibition of PARP activation
blocks neuronal apoptosis and tolerance and is protective in models of neuropathic pain [23,
25]. As can be seen in Fig. 3 A and B, when compared to mice receiving saline over 4 days,
chronic administration of morphine over the same time frame increased the levels of 8OHdG,
a marker of oxidative DNA damage, (Fig. 3A) and PARP activity (Fig. 3B) in dorsal horn
tissues, measured as previously described [21]. Co-administration of morphine with FB1
(0.25-1 mg/kg/day, n=10) dose-dependently inhibited oxidative DNA damage and PARP
activation (Fig. 3A, B). Furthermore, when compared to mice receiving saline over 4 days,
chronic administration of morphine over the same time frame increased the activity of
caspase-3, a central executioner protease in apoptosis (Fig. 4A); up-regulated pro-apoptotic
Bax (Fig. 4B,B1); and concomitantly down-regulated anti-apoptotic Bcl-2 protein (Fig. 4C,C1)
as detected by Western blotting analysis. These events were blocked by FB1 (Fig. 4A-C). The
relative expression of the anti-apoptotic Bcl-2 protein and the pro-apoptotic Bax protein is a
marker of cellular fate, with an increased Bax/Bcl-2 predicting apoptotic cell death, whereas
a reverse effect predicts survival [19]. Indeed, the upregulation of Bax predicts apoptotic
neuronal injury in several models of neurotoxiciy [32,40]. The downregulation of the Bax/Bcl2
ratio by FB1 suggests ceramide synthesis lies upstream of Bax upregulation in spinal neurons
challenged with repeated morphine administration. Although the proximal positioning of
ceramide in the intrinsic apoptosis pathway has been previously described [16], this is, to our
knowledge, the first report of such pro-apoptotic signaling underlying the pathogenesis of
antinociceptive tolerance.

To further validate that increased formation of ceramide led to cell death by apoptosis, we
measured cells progressing through apoptosis according to their Annexin V and propidium
iodide (PI) staining pattern. In particular, early apoptotic cells will bind Annexin V but are not
sensitive to intracellular staining with PI. As cells progress through apoptosis the integrity of
the plasma membrane is lost, allowing PI to penetrate and label the cells with a strong yellow-
red fluorescence. In non-tolerant mice there were virtually no apoptotic cells detected in the
spinal cord tissue (Fig. 5A,A1). On the other hand, chronic treatment with morphine led to a
marked appearance of positive staining for Annexin-V FITC (Fig. 5B,B1). Moreover, some
cells showed a positive intracellular staining to PI (Fig. 5B1). On the contrary, no cells in the
earlier stage (Fig. 5C) as well as in the later stages (Fig. 5C1; positive to PI) of apoptosis were
present in the spinal cord tissues section from mice that received morphine and FB1 (1 mg/kg/
day) over the 4 days period. Co-administration of morphine with FB1 consistently attenuated
all parameters indicative of neuronal apoptosis (Fig. 4 and 5).

Collectively, our findings confirm the role of neuronal apoptosis in development of tolerance
[20,23] and extend these earlier observations by establishing a role of ceramide in this setting.

We propose that an early and likely mechanism through which ceramide activates apoptosis
is via PN, a potent pro-apoptotic nitroxidative species and PN-mediated inactivation of
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mitochondrial manganese superoxide dismutase (MnSOD) the enzyme that keeps [superoxide]
in check [26] (Fig. 1). This is supported by the fact that: 1) ceramide increases the formation
of superoxide and nitric oxide (precursors of PN) by activating NADPH oxidase [1,11,29,
41], inhibiting superoxide dismutases [24,28,30], and stimulating nitric oxide synthases [2,
15,37,39] respectively and 2) spinal ceramide fosters development of morphine tolerance
through PN and PN-mediated inactivation of MnSOD, events blocked by inhibitors of ceramide
biosynthesis [28]. The inactivation of MnSOD which increases steady-state concentrations of
PN results in positive feedback processes that promote mitochondrial dysfunction and trigger
apoptotic signaling at least in part via PARP and caspase activation [34] (Fig. 1).

A recent series of exciting experimental observations highlighted an important reciprocal
interaction between the nitroxidative pathway and the ceramide metabolic pathway (see for
excellent review [39]). In this context, ceramide increases the formation of superoxide and
nitric oxide by mechanisms already discussed in the paragraph above. Other potential causes
of ceramide-derived PN formation include mitochondrial dysfunction and downregulation of
intracellular antioxidant enzymes [39]. Conversely, ample evidence suggests that superoxide,
nitric oxide and PN increase ceramide biosynthesis by activating enzymes in the sphingomyelin
and de novo pathway [6,13,22,33,36] or by blocking ceramidases that degrade ceramide [9,
10,12]. Given this intimate reciprocity, the interregulation of the ceramide metabolic pathway
and the nitroxidative pathway (we will refer to this as the sphingo-nitroxidative pathway in
future studies) must be a crucial factor dictating the outcome of neuronal apoptosis in opiate
tolerance.

Taken together with our previous results, these data validate the approach of developing
inhibitors of the sphingo-nitroxidative pathway as adjuncts to opiates in the management of
pain.
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Fig. 1. Schematic of the ceramide's mechanism of action in antinociceptive tolerance
Chronic administration of morphine leads to increased formation of ceramide via the de
novo and SMase pathways leading to antinociceptive tolerance; this is blocked by inhibitors
of ceramide biosynthesis (this study and [28]). Ceramide fosters the development of tolerance
at least in part by neuroimmune activation, formation of PN, PN-mediated inactivation of
MnSOD [28] and neuronal apopotosis.
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Fig. 2. The development of morphine antinociceptive tolerance and activation of ceramide synthase
in dorsal horn tissues are attenuated by FB1
Co-administration of morphine with the ceramide synthesis inhibitor FB1 (1 mg/kg/day, n=10)
inhibited both the ceramide synthase activity (bars) and the development of morphine
antinociceptive tolerance (closed circle line) in a dose-dependent manner (0.25-1 mg/kg/day,
n=10). Results are expressed as mean ± SEM for 10 animals. *P<0.001 for FB1-Mor vs Veh-
Mor.
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Fig. 3. Ceramide synthesis was necessary for the development of oxidative DNA damage and PARP
activation
When compared to Veh-Sal, chronic administration of morphine (Veh-Mor) led to oxidative
DNA damage as evidenced by a significant increase in 8OHdG (A) and a substantial activation
of PARP (B). These events were blocked in a dose-dependent manner by co-administration of
morphine with FB1 (0.25-1 mg/kg/d, n=10) (A, B). Results are expressed as mean ± SEM for
n=10 animals. * P<0.01 for Veh-Mor versus Veh-Sal; †P<0.01 and ††P<0.001 for FB1-Mor
versus Veh-Mor.
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Fig. 4. Biochemical indices of spinal cord apoptosis were dependent on ceramide synthesis
When compared to Veh-Sal, chronic administration of morphine (Veh-Mor) increased the
activity of caspase-3 (A) in dorsal horn tissues which was inhibited in a dose-dependent manner
by FB1 (n=10). Furthermore, chronic administration of morphine increased Bax (B,B1) and
concomitantly decreased Bcl-2 (C,C1) as determined by Western blot in dorsal horn tissues.
These events were blocked by FB1 (1 mg/kg/d; B,B1,C,C1). Results are expressed as mean ±
SEM for n=5 (B1,C1) and n=10 (A) animals. * P<0.01 for Veh-Mor versus Veh-Sal; †P<0.01
and ††P<0.001 for FB1-Mor versus Veh-Mor.

Bryant et al. Page 10

Neurosci Lett. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Visualization of ceramide-dependent spinal cord apoptosis
No apoptotic cells were detectable using Annexin-V FITC coloration in the spinal cord tissue
of non-tolerant mice (A,A1). In tolerant animals a marked appearance of stain positive for
Annexin-V FITC was observed (B). In addition, several cells showed positive staining with PI
(B1). Spinal cord section from FB1-treated mice demonstrated a marked reduction in the
number of apoptotic cells (C,C1). Figs A2, B2 and C2 represent the overlap images of panels
A-A1, B-B1 and C-C1 respectively, superimposed on transmission light images of identical
fields, depicting a significant number of cells captured in each field. Figure is representative
of at least 3 independent experiments.
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