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Background:  

Morphine is a highly potent analgesic to treat diverse types of pain. However, its effectiveness 

gradually subsides following repetitive administration, leading to the diminished analgesic effect in 

the clinical setting. Recognition of the critical involvement of immune-neuronal interactions has been 

demonstrated in the induction of tolerance to morphine analgesia, suggesting a novel glial 

mechanism. However, the identification of pathways underlying neuronal-glial interactions is still 

unclear. One of the most important mechanisms of cell-cell interactions, involved in generation and 

activation of microglial cells and astrocytes, differentiation of oligodendrocyte progenitors is the 

Notch signaling pathway. Notch signaling is known to also modulate mitogen-activated protein 

kinase (MAPK) pathways and to regulate production of pro-inflammatory cytokines and chemokines. 

We will investigate the involvement of Notch-pathway in the opioid-induced tolerance loss of thermal 

analgesia. We will observe that Notch signaling is activated in tolerant mice by the increase of 

expression of Notch extracellular domain (NEXT) and intracellular domain (NICD). On basis of 

relation of Notch signaling with MAPK pathways and pro-inflammatory cytokines we will determine 

the role of Notch in the cross-talk between astrocytes and neurons in the development of morphine 

tolerance. These experiments will help us to study a new pathway that could be contribute to 

morphine-induced tolerance.  
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Materials and methods 

 

 

Animals 

Male CD1 mice (20-22 g) from the Harlan Laboratories (Bresso, Italy) breeding farm were used. 

Mice were randomly assigned to standard cages, with four to five animals per cage. The cages were 

placed in the experimental room 24 h before behavioural test for acclimatization. The animals were 

fed a standard laboratory diet and tap water ad libitum and kept at 23 ± 1 °C with a 12 h light/dark 

cycle, light on at 7 a.m. The experimental protocol was carried out after approval by the Animal Care 

and Research Ethics Committee of the University of Florence, Italy, under license from the Italian 

Department of Health and in compliance with the European Communities Council directive of 24 

November 1986 (86/609/EEC). All studies involving animals are reported in accordance with the 

ARRIVE guidelines for experiments involving animals.  

 

Behavioral testing 

Animals were habituated to the experimental room and randomly assigned to each treatment group. 

Mice were investigated by observers blinded for treatment of the animals. 

 

Hot-plate test 

The hot-plate test was performed as previously described.15 Mice were placed inside a stainless steel 

container, which was set thermostatically at 52.5 ± 0.1°C in a precision water bath. The hot-plate 

apparatus (Ugo Basile Biological Research Apparatus, Varese, Italy) was 25 × 37 × 47 (h) cm. 

Reaction times (seconds) were measured with a stopwatch after administration of morphine. The 

endpoint used was the licking of the fore or hind paws. Mice scoring less than 12 and more than 18 

seconds in the pretest were rejected (30%). An arbitrary cutoff time of 45 seconds was adopted. 

 

Drug administration  

Morphine hydrochloride (1 µg/kg intraperitoneally [i.p.]) (SALARS, Como, Italy, naloxone, (Sigma 

Chemicals, St Louis, MO) were dissolved in isotonic (NaCl 0.9%) saline solution. DAPT (Santa 

Cruz) was dissolved in 20% DMSO. Doses and administration schedule were chosen on the basis of 

time course and dose–response curves performed in our laboratory. 

Intrathecal administration was performed as previously described. Briefly, the animals were placed 

in a transparent plastic box and anaesthetized with a mixture of 4% isoflurane in O2/N2O (30:70 

vol/vol). Then, a mask was placed over the mouse nose and mouth, and the isoflurane concentration 

was lowered to 1.5% to 2% for the remainder of the procedure. The animals were then placed in a 

prone position. In that way, the animal's vertebral column was flexed around the L3-L5 level, 
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widening these intervertebral spaces. The lumbar puncture needle was introduced perpendicular to 

the surface through the widest intervertebral space and lowered until it came into contact with the 

vertebral body. Occasionally, a short flicking of the tail or of a limb was observed. Animals then 

recovered in their home cage before hyperalgesic testing. 

 

Western blot analysis 

Membrane homogenates (10-50 µg) were separated on 10% SDS-PAGE and transferred onto 

nitrocellulose membranes (90 min at 120 V) using standard procedures. Membrane were blocked in 

PBST (PBS containing 0.1% Tween) containing 5% nonfat dry milk for 120 min. Following 

washings, blots were incubated overnight at 4° C with specific antibodies against Notch-1 (1: 1000). 

After being washed with PBS containing 0.1% Tween, the nitrocellulose membrane was incubated 

with horseradish peroxidase-conjugated secondary antisera (1:5,000) and left for 1 h at room 

temperature. Blots were then extensively washed according to the manufacturer’s instruction and 

developed using enhanced chemiluminescence detection system. Exposition and developing time 

used was standardized for all the blots. Optical density measurements were performed by dividing 

the intensity of the bands by the intensity of the house-keeping protein tubulin, used as loading 

control, at each time point. Measurements in control samples were assigned a relative value of 100%.  

 

 

Results 

1- Activation of the Notch pathway in morphine tolerant mice 

 

We investigated whether morphine would impact the Notch-1 pathway. Western blotting experiments 

revealed the presence of an increased levels of spinal Notch intracellular domain (NICD) after 

morphine administration. Densitometric analysis revealed that morphine treatment increased of 

NICD. The Notch-1 activation followed a MOR-dependent mechanism because this effect was 

prevented by pretreatment with the naloxone.  
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2-Reduction of established tolerance to morphine thermal analgesia by Notch inhibition. 

 

To test whether morphine thermal hyperalgesia was induced through Notch signaling, we 

intrathecally injected the Notch inhibitor DAPT. Behavioural experiments showed that the increase 

of Notch was also functional since intrathecal DAPT (50 and 150 ug/ul) prevented hyperalgesia 

induced by morphine tolerance (Fig. 6). The inhibitor used, when administered alone, did not produce 

any modification of the pain threshold showing the lack of any analgesic effect at the concentration 

used. 
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3- Neuronal localization of Notch receptors 

 

To determine the cell type that expresses Notch and its cellular localization in our experimental 

conditions, double labelling immunostaining of Notch with classical markers of subpopulations was 

performed in the spinal cord sections of tolerant mice. We found that in the SDH, Notch colocalized 

with NeuN, a neuronal marker, confirming the neuronal localization of spinal Notch. 

Spinal cord glial cells, such as microglia and astrocytes, are involved in pain processing. Then, we 

evaluated the expression of Notch on glial cells. Double immunofluorescence experiments using 

GFAP as marker of astrocytes, showed a lack of colocalization of Notch with GFAP, demonstrating 

the absence of expression of Notch on SDH astrocyte cells. 
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Discussion  

 

The mechanism underlying morphine tolerance has been considered to be multifactorial, triggered by 

multiple dialogues between glial and neuronal cells in the spinal cord via a cascade involving 

glutamate N-methyl-D-aspartate (NMDA), purinergic receptors, nitric oxide (NO) and MAPKs 

signaling pathways, which in turn induce the release of proinflammatory cytokines. However, the 

identification of pathways underlying neuronal-glial interactions is still unclear. One of the most 

important mechanisms of cell-cell interactions, involved in generation and activation of microglial 

cells and astrocytes, differentiation of oligodendrocyte progenitors is the Notch signaling pathway 

(Arumugam et al., 2011). Notch signaling is known to also modulate mitogen-activated protein kinase 

(MAPK) pathways and to regulate production of pro-inflammatory cytokines and chemokines (Smith 

et al., 2013). Additionally, recent studies demonstrated that Notch signaling in dorsal horn of lumbar 

spinal cord was activated during the development of neuropathic pain (Xie et al., 2015).  

We investigated the involvement of Notch-pathway in the opioid-induced tolerance loss of thermal 

analgesia and, if Notch can be implicated in the morphine-induced neuronal and glial activation. In 

our study we demonstrated that Notch signaling is activated in morphine tolerant mice, since we 

found an overexpression of the Notch intracellular domain (NICD) in the spinal cord.  

Furthermore, we demonstrated that Notch activation is MOR-mediated and that Notch activation is 

functional because behavioral studies showed that Nothc inhibition prevented morphine thermal 

hyperalgesia. To verify the cellular localization of Notch, double immunofluorescence experiments 

were performed and the selective neuronal localization of Notch was demonstrated.  

In conclusion, the results from these study demonstrated that neuronal Notch is involved in morphine-

induced tolerance and that Notch activation counteracts morphine thermal hyperalgesia. Next studies 

will determine the contribution of Notch to morphine elicited glia activation by, examining GFAP 

expression and glial-induced proinflammatory cytokines in animals treated with the inhibitor of 

Notch signalling. 

Opioid compounds have been used for centuries to combat many extremely painful conditions. 

Opioids are among the most effective analgesics for many types of pain. The ineffectiveness of 

morphine in the context of pain may be due immune-like glial cells activation. It is already clear that 

glia regulate morphine analgesia and tolerance, but it is as yet unknown how this glial regulation may 

be turn out. We need to determine how neuronal and glial response are linked, and identify the 

pathways of such a connection, to explore the role of immune-like glial cells both in pathological 

pain as well as in dysregulating the actions of analgesic drugs such as opioids.  
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