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Intrathecal rapamycin attenuates morphine-induced analgesic tolerance and 
hyperalgesia in rats with neuropathic pain

Abstract
Repeated and long-term administration of opioids is often 
accompanied by the initiation of opioid-induced analgesic 
tolerance and hyperalgesia in chronic pain patients. Our 
previous studies showed that repeated intrathecal morphine 
injection activated the mammalian target of rapamycin 
complex 1 (mTORC1) in spinal dorsal horn neurons and 
that blocking this activation prevented the initiation of 
morphine-induced tolerance and hyperalgesia in healthy rats. 
However, whether spinal mTORC1 is required for morphine-
induced tolerance and hyperalgesia under neuropathic pain 
conditions remains elusive. We here observed the effect 
of intrathecal infusion of rapamycin, a specific mTORC1 
inhibitor, on morphine-induced tolerance and hyperalgesia in 
a neuropathic pain model in rats induced by the fifth lumbar 
spinal nerve ligation (SNL). Continuous intrathecal infusion 
of morphine for one week starting on day 8 post-SNL led 
to morphine tolerance demonstrated by morphine-induced 
reduction in maximal possible analgesic effect (MPAE) to 
tail heat stimuli and ipsilateral paw withdrawal threshold 
(PWT) to mechanical stimuli in SNL rats. Such reduction 
was attenuated by co-infusion of rapamycin. Co-infusion of 
rapamycin also blocked morphine tolerance demonstrated 
by attenuation of morphine-induced reduction in MPAE in 
sham rats and morphine-induced hyperalgesia demonstrated 
by the reverse of morphine-induced reduction in PWT on 
both sides of sham rats and on the contralateral side of SNL 
rats. The results suggest that mTORC1 inhibitors could serve 
as promising medications for use as adjuvants with opioids 
in clinical neuropathic pain management.
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Introduction
           Neuropathic pain that results from a direct 
consequence of lesions or diseases is a major clinical 
problem. It is characterized by ongoing pain, allodynia, 
and hyperalgesia (1,2). Current treatment of this disorder 
is very limited. Opioids such as morphine are the gold 
standard treatment for neuropathic pain (3), but repeated 
administrations of opioids produce severe side effects, such 
as analgesic tolerance and hyperalgesia. Opioid analgesic 
tolerance is characterized by a reduced sensitivity to the 
anti-nociceptive effects of opioids, requiring a higher dose 
to achieve the desired analgesic effect (4,5), while opioid-
induced hyperalgesia is a neuronal sensitization process in 
which opioids paradoxically produce pain hypersensitivity 
(4). There have been numerous investigations on the 
neurobiological mechanisms of opioid tolerance and 
hyperalgesia after chronic opioid exposure. Results 
mainly fall into two categories: opioid receptor signaling 
changes and activation of the anti-opioid nervous system. 
The former include phosphorylation, desensitization, 
internalization and downregulation of opioid receptors 
(6) or heterodimerization with other receptors, leading to 
an enhanced perception of pain (7). The latter includes 
enhanced excitatory primary afferents, descending spinal 
facilitation, glial cell activation, and up-regulation of dorsal 
horn intracellular nNOS, PKCγ, and CaMKⅡ signaling 
(8). All of these changes may merge and act through 
a translation modulation process, contributing to the 
mechanism of opioid-induced tolerance and hyperalgesia. 
         The mammalian target of rapamycin (mTOR) is a serine-
threonine protein kinase, which forms 2 distinct protein 
complexes, mTOR complex 1 (mTORC1) and mTORC2. 
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In the mammalian nervous system, mTOR1 is composed 
of raptor, mLST8, and mTOR and is generally believed to 
control the translation of most proteins by phosphorylation of 
specific downstream effectors (9,10). Our previous work has 
demonstrated that repeated intrathecal morphine injections 
activated mTORC1 in rat spinal dorsal horn neurons (9,11). 
This activation was triggered through cellular membrane μ 
opioid receptor and mediated by intracellular signals PI3K/
Akt. Moreover, intrathecal administration of a specific mTOR 
inhibitor attenuated both the induction and maintenance of 
morphine tolerance and hyperalgesia (9,11). These effects 
could be interpreted by the attenuation of morphine-induced 
increases in translation initiation activity, nascent protein 
synthesis, and the expression of some known key tolerance-
associated proteins, such as neuronal NOS (nNOS), in 
the dorsal horn (9,11). Our findings indicate that spinal 
mTORC1 plays a key role in the initiation and maintenance 
of morphine-induced tolerance and hyperalgesia. However, 
all of these experiments were carried out on healthy animals. 
Given that opioids are used in patients with chronic pain, 
the goal of the present study was to further examine if spinal 
mTORC1 plays a key role in the initiation of morphine-
induced tolerance and hyperalgesia under neuropathic pain 
conditions. 
Materials and methods
Animals
All animal experimental procedures follow ethical 
guidelines produced by the National Institutes of Health and 
the International Association for the Study of Pain. Animal 
protocols are approved by the Rutgers New Jersey Medical 
School Animal Care and Use Committee. Male Sprague-
Dawley Rats weighing 180-250g were housed separately 
with food and water provided ad libitum on a 12 h light/ 12 h 
dark cycle. Animals were exposed to habituation for 2 days 
prior to use. Behavioral tests were completed in a blinded 
manner.  Every effort was made to minimize the amount of 
animals used and their suffering. 
Surgical procedures and drug infusion
       Rats underwent a modified unilateral L5 spinal nerve 
ligation (SNL) as previously described (12,13,14). In brief: 
after the animals were anesthetized by isoflurane, the left L6 
transverse process was removed to expose the L4 and L5 
spinal nerves.  After isolation of the left L5 spinal nerve, 
a tight ligature was made with 3-0 silk and the nerve was 
transected distal to this ligature. In sham-operated rats, the 
left L5 spinal nerve was isolated, but remained intact with no 
ligature or transection.
       Rats underwent intrathecal catheter implantation for 
drug delivery in the same manner as described previously 
(15). In brief: while under isoflurane-induced anesthesia, 
a laminectomy of the L5 vertebra was performed and 
the dura was cut. At the level of the L4/5 spinal cord, a 
polyethylene-10 catheter was inserted into the subarachnoid 

space. Following catheter implantation, animals underwent 
7 days of recovery prior to SNL or sham surgery. A mini-
osmotic pump (Alzet, Cupertino, CA, USA) connected to 
the intrathecal catheter was used for continuous infusion of 
drug at a rate of 1 μl/h. Rats were divided into five groups 
for drug delivery: saline plus vehicle (10% DMSO in saline), 
saline plus rapamycin (a selective inhibitor of mTORC1, 
1μg /h, Sigma), morphine (15 μg/h, West-Ward, Eatontown, 
NJ) plus rapamycin, morphine plus ascomycin (1 μg /h, 
Sigma), or morphine plus vehicle. Beginning 8 days after 
SNL or Sham surgery, continuous intrathecal infusion was 
conducted for 24 hours a day for 7 days from day 8 to day 
14. Given that ascomycin (an analogue of rapamycin) does 
not inhibit mTORC1 activity (16,17), we used ascomycin 
to confirm the specificity of the action of rapamycin on 
mTORC1. Rats with neurological deficits were excluded 
from the study. The location of the intrathecal catheter was 
confirmed after completion of the experiments.
Behavioral testing
         Tail flick testing was carried out as described previously 
(9). In brief, tail flick latency to noxious heat was measured 
on day 7 (the day before continuous intrathecal morphine 
injection), and days 8, 10, 12, and 14 (during continuous 
morphine injection) using an Analgesic Meter (Model 33B 
Tail Flick Analgesia Meter, IITC Life Science, Woodland 
Hills, CA, USA). The cut-off time was 10 s. Three trials were 
conducted for each rat with an interval of 1 min. Morphine’s 
maximal possible analgesic effect (MPAE) was determined 
using the following equation: MPAE = [(posttreatment - 
pretreatment)/ (10 - pretreatment)] × 100%. 
         Mechanical paw withdrawal thresholds were determined 
using the up-down method following a previously described 
procedure (13,14). Mechanical paw withdrawal thresholds 
(PWTs) were measured 1 day before SNL, and on days 7, 
8, 10, 12, and 14 during continuous morphine injection. 
In brief, each rat was placed in an individual Plexiglas 
chamber on an elevated mesh screen. Von Frey hairs in log 
increments of force (0.407, 0.692, 1.202, 2.041, 3.63, 5.495, 
8.511, 15.14, 26.0g) were applied to the plantar surface of 
the left and right hind paws, beginning with the 2.041 g Von 
Frey hair. If the rat exhibited a positive response, the next 
smaller von Frey hair was used; if a negative response was 
observed, the next larger von Frey hair was used. The test 
was terminated under one of two conditions: (i) a negative 
response was obtained with the highest force (26.0-g) or (ii) 
three stimuli were applied after the first positive response. 
The formula provided by Dixon (18-20) was used to convert 
the patterns of positive and negative responses to a 50% 
threshold value.
          Following the behavioral tests described above, 
locomotor tests were conducted according to previously 
described methods (13,14) These tests included: (1) Placing 
reflex: while holding the rat with its hind limbs slightly 
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lower than its forelimbs, the experimenter recorded whether 

the rat placed its hind paws on the table surface reflexively 
when the hind paw dorsal surfaces made contact with the 
edge of the table; (2) Grasping reflex: the rat was placed on 
a wire grid, and the experimenter recorded whether the hind 
paws grasped the wire on contact; (3) Righting reflex: The 
experimenter placed the rat on its back on a flat surface, and 
recorded whether the rat immediately assumed an upright 
position. Five trials were conducted for each test and scores 
for placing, grasping, and righting reflexes were based on 
counts of each normal reflex for each trial. In addition, the 
rats’ general behaviors, including spontaneous pain-
associated activity, were observed.
Statistical analysis 
          All results are given as mean ± SEM. Data were 
analyzed using one-way ANOVA tests followed by Dunnett 
post-tests (comparison of all other columns vs. control 
column). Statistical tests were conducted using GraphPad 
Prism 5.0 software. P values of less than 0.05 were considered 
statistically significant.
Results
Effect of intrathecal infusion of rapamycin on the 
development of morphine-induced analgesic tolerance and 
hyperalgesia in sham-operated rats 
         In sham-operated rats, morphine tolerance was induced 
by continuous intrathecal infusion of morphine at a rate 
of 15 μg/μl/h for 7 days from day 8 to 14. The MPAEs of 
the morphine plus vehicle group were significantly and 
time-dependently decreased on day 10, 12 and 14 during 
continuous morphine infusion (F3,16 = 39.3, # p < 0.05, ## 

p < 0.01 vs. the corresponding baseline; Fig. 1A). However, 
when these sham-operated rats received morphine plus 
rapamycin, the decrease of MPAE was effectively reversed. 
Compared with the morphine plus vehicle group, the MPAEs 
of the morphine plus rapamycin group were significantly 
increased by 4.9-fold, 14.7-fold, and 12.9 fold on day 10, 12, 
and 14 after morphine infusion, respectively, (F4,20 = 25.86 
for day 10, F4,20 = 32.84 for day 12, F4,20 = 14.5 for day 14. ** 
p < 0.01 vs. the corresponding time points in the morphine 
plus vehicle group; Fig. 1A). In contrast, the sham-operated 
rats that received continuous infusion of morphine plus 
ascomycin still displayed a remarkable decrease in MPAEs. 
No statistical difference was found between the morphine 
plus vehicle group and the morphine plus ascomycin group 
(Fig. 1A). The continuous infusion of rapamycin alone in the 
saline plus rapamycin group did not alter the basal response 
to heat stimulation (Fig. 1A).     
          Continuous intrathecal infusion of morphine also 
led to hyperalgesia demonstrated by significant and time-
dependent reductions in PWTs in response to mechanical 
stimuli in the morphine plus vehicle group on day 10, 12 and 
14 during continuous morphine infusion on bilateral hind 
paws of sham-operated rats (F5,24 = 21.69 for ipsilateral side, 
and F5,24 = 16.17 for contralateral side. ## p < 0.01 vs. the 
corresponding baseline; Fig.1B, C). These reductions were 
significantly attenuated by co-administration of rapamycin 
in the morphine plus rapamycin group (F4,20 = 10.37 for 
day 10, F4,20 = 13.63 for day 12, F4,20 = 14.39 for day 14. 
* p < 0.05, ** p < 0.01 vs. the corresponding time points 

Figure  1. Intrathecal co-infusion of rapa-
mycin prevented the development of 
morphine-induced analgesic tolerance and 
hyperalgesia in sham-operated rats. n=5-7 
rats per group. Morphine (Mor) was infused 
intrathecally at a rate of 15 μg/μl/h for 
7 days from day 8 to 14 after sham sur-
gery.  Intrathecal co-infusion of rapamycin 
(Rap; 1 μg/μl/h), but not ascomycin (Asc; 
1 μg/μl/h), attenuated morphine-induced 
reductions in morphine’s maximal possible 
analgesic effects (MPAEs) (A) and in paw 
withdrawal thresholds on left (B) and right 
(C) hind paws on day 10, 12 and 14. Sal: 
saline. Veh: vehicle (10% DMSO in saline).  
# p < 0.05, ## p < 0.01 vs. the correspond-
ing baseline . * p < 0.05, ** p < 0.01 vs. the 
corresponding time points in the morphine 
plus vehicle group (one-way ANOVA, fol-
lowed by Dunnett post-test).
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in the morphine plus vehicle group; Fig.1B, C), not by co-
administration of ascomycin in the morphine plus ascomycin 
group (Fig. 1B，C). As expected, the continuous infusion of 
rapamycin alone in the saline plus rapamycin group did not 
alter the basal response to mechanical stimulation on either 
hindpaw in sham-operated rats (Fig. 1B, C).  
Effect of intrathecal infusion of rapamycin on the development 
of morphine analgesic tolerance and hyperalgesia in L5 SNL 
rats
       Continuous intrathecal infusion of morphine for 7 days 
starting on day 8 after SNL surgery produced morphine 
analgesic tolerance. The MPAEs in the morphine plus vehicle 
group were significantly decreased by 42.6% (# p < 0.05), 
68.8% (## p < 0.01), and 87.4% (## p < 0.01) (F3,16 = 38.789) 
on  days 10, 12, and 14 during continuous morphine infusion, 
respectively, as compared to day 8, the first day of morphine 
infusion (Fig. 2A). The reductions on days 12 and 14 were 
effectively prevented by co-administration of rapamycin in 
the morphine plus rapamycin group (F4,20 = 35.34 for day 10, 
F4,20 = 10.47 for day 12, F4,20 = 39.34 for day 14. * p < 0.05, ** 
p < 001 vs. the corresponding MPAEs in the morphine plus 
vehicle group), although no significant difference was found 
on day 10 after morphine infusion (Fig. 2A).  As expected, co-
infusion of ascomycin in the morphine plus ascomycin group 

did not affect morphine-induced reductions in the MPAEs on 
day 10, 12, and 14 after morphine infusion in SNL rats (Fig. 
2A). The continuous co-infusion with rapamycin alone in 
the saline plus rapamycin group did not change the MPAEs 
during the observation period in SNL rats (Fig. 2A). 
          In our rat SNL model of neuropathic pain, development 
of mechanical allodynia on the ipsilateral side is made evident 
by significant decreases in PWTs on day 7 to 14 after SNL 
in the saline plus vehicle group (F5,24 = 10.58. ## p < 0.01 vs. 
the corresponding baseline; Fig. 2B). Intrathecal infusion of 
morphine for 1 day on day 8 in the morphine plus vehicle 
group produced a significant analgesic effect on SNL-
induced mechanical allodynia on the ipsilateral side.  The 
PWT in the morphine plus vehicle group was increased by 
8.9-fold as compared to that in the saline plus vehicle group 
(F4,20 = 4.745 for day 8. $$ p < 0.01; Fig. 2B).  However, 
the PWT in the morphine plus vehicle group was markedly 
reduced during continuous morphine infusion (Fig. 2B). 
This rapid decrease in morphine analgesic effect indicates 
successful induction of morphine analgesic tolerance in SNL 
rats. These reductions were significantly blocked on day 10, 
12, and 14 by co-infusion of rapamycin in the morphine 
plus rapamycin group, not by co-infusion of ascomycin 
in the morphine plus ascomycin group, in SNL rats (F4,20 

Figure 2. Intrathecal co-infusion of rapamycin prevented the development of morphine-induced analgesic tolerance and 
hyperalgesia in SNL rats. n=5-6 rats per group. Morphine (Mor) was infused intrathecally at a rate of 15 μg/μl/h for 7 
days from day 8 to 14 after SNL surgery.  Intrathecal co-infusion of rapamycin (Rap; 1 μg/μl/h), but not ascomycin (Asc; 1 
μg/μl/h), attenuated the morphine-induced reductions in maximal possible analgesic effects (MPAEs) (A) and paw with-
drawal thresholds on the ipsilateral (B) and contralateral (C) sides on day 10, 12 and 14. Intrathecal rapamycin alone in 
the rapamycin plus saline group also attenuated the SNL-induced decrease in the paw withdrawal threshold in response 
mechanical stimulation on the ipsilateral side on day 8-14 post-surgery in SNL rats (B). Sal: saline. Veh: vehicle (10% 
DMSO in saline).  # p < 0.05, ## p < 0.01 vs. the corresponding baseline. * p < 0.05, ** p < 0.01 vs. the corresponding 
time points in the morphine plus vehicle group. $$ p < 0.01 vs. the corresponding time points in the saline plus vehicle 
group (one-way ANOVA, followed by Dunnett post-test).
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= 3.247 for day 10, F4,20 = 2.832 for day 12, F4,20 = 7.105 
for day 14. * p < 0.05 or ** p < 0.01 vs. the corresponding 
time points in the morphine plus vehicle group; Fig. 2B). 
Additionally, continuous intrathecal infusion of rapamycin 
alone starting on day 8 in the rapamycin plus vehicle group 
clearly ameliorated SNL-induced mechanical allodynia 
demonstrated by the reverse of SNL-induced decreases in 
PWTs on the ipsilateral side from day 8 to 14 after SNL (Fig. 
2B).  
           Consistent with previous observations (13,14), SNL 
did not alter basal contralateral PWTs during the observation 
period in the saline plus vehicle group (Fig. 2C). Similar to the 
sham-operated rats (Fig. 1A and B), continuous intrathecal 
infusion of morphine starting on day 8 in the morphine plus 
vehicle group produced significant reductions in PWT in 
response to mechanical stimuli on day 10, 12 and 14 after 
morphine infusion on the contralateral hind paw of SNL rats 
(F5,24 = 17.33. ## p < 0.01 vs. the corresponding baseline; Fig. 
2C), an indication of morphine-induced hyperalgesia. These 
reductions were abolished by co-infusion of rapamycin in the 
rapamycin plus morphine group (F4,20 = 3.31 for day 10, F4,20 
= 2.918 for day 12, F4,20 = 7.724 for day 14. ** p < 0.01 vs. 
the corresponding time points in the morphine plus vehicle 
group; Fig. 2C), but not of ascomycin in the ascomycin 
plus morphine group (Fig. 2C) on the contralateral side of 
SNL rats. As expected, continuous intrathecal infusion of 
rapamycin alone in the rapamycin plus saline group did not 
alter basal PWTs during the observation period (Fig. 2C). 
Effect of intrathecal infusion of rapamycin on locomotor 
functions
        To exclude the possibility that the effect of intrathecal 
infusion of rapamycin on behavioral responses described 
above was caused by impaired locomotor functions (or 
reflexes), we finally examined locomotor functions of 
experimental rats. As shown in Table 1, the rats injected 
with saline plus vehicle, saline plus rapamycin, morphine 
plus vehicle, morphine plus ascomycin, or morphine plus 
rapamycin displayed normal locomotor functions, including 
placing, grasping, and righting reflexes. Convulsions and 
hypermobility were not observed in any of the injected rats.  

Discussion
         In the present study, we demonstrated that spinal 
mTORC1 inhibition by intrathecal rapamycin delayed 
morphine analgesic tolerance, attenuated morphine-induced 
hyperalgesia, and blocked SNL-induced mechanical 
allodynia in neuropathic pain rats. We have previously 
shown that dorsal horn mTORC1 activation contributes 
to the development and maintenance of chronic morphine 
tolerance and hyperalgesia via mTORC1-mediated increase 
in dorsal horn protein translation in healthy rats. Here, our 
further observations suggest that spinal mTORC1 is likely 
a novel target for therapeutic prevention of opioid tolerance 
and hyperalgesia in neuropathic pain management. 
        The mechanisms of morphine tolerance and hyperalgesia 
are generally considered to arise from adaptive changes 
within the peripheral and central nervous systems (11). 
The initiation of morphine tolerance and hyperalgesia may 
involve adaptive modifications of the μ-opioid receptor, 
particularly desensitization and downregulation, as well as 
adaptive changes in neuronal circuits, including activation 
of the anti-opioid system (6,11,21,22). These adaptive 
changes may converge on the protein translation process 
(11,23). Repeated intrathecal injections of morphine were 
reported to increase translational activity and new protein 
synthesis in the spinal dorsal horn, which could be blocked 
by spinal cord mTORC1 inhibition (9,11). We show here 
that intrathecal co-infusion of rapamycin blocked morphine-
induced analgesic tolerance and hyperalgesia in the sham-
operated or SNL rats. These findings support previous 
observations in healthy rats in that repeated intrathecal 
morphine elevated spinal mTORC1 activity and inhibiting 
this activity attenuated both the induction and maintenance of 
morphine tolerance and hyperalgesia (9-11). It is likely that 
spinal mTORC1 participates in mechanisms that underlie 
the development and maintenance of opioid tolerance and 
hyperalgesia under neuropathic pain conditions.  
         Interestingly, the time course in the development 
of morphine-induced tolerance and hyperalgesia in SNL 
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rats is similar to that in sham rats, indicating that SNL does 
not alter the initiation of analgesic tolerance to morphine 
and the development of morphine-induced hyperalgesia. It 
is very likely that the role of mTORC1 in the mechanisms 
of SNL-induced neuropathic pain development is 
different from the underlying mechanisms of morphine 
tolerance and hyperalgesia. Indeed, chronic morphine-
induced dorsal horn mTOR activation occurs through the 
μ-opioid receptor-triggered PI3K/ AKT pathway. The 
activated mTORC1 phosphorylates its downstream targets; 
eukaryotic initiation factor 4E–binding proteins (4E-BPs) 
and p70 ribosomal S6 protein kinases (S6Ks), and gates the 
synthesis of many individual proteins that participate in the 
development and maintenance of morphine tolerance and 
hyperalgesia (9,11). In contrast, SNL did not alter the basal 
level of spinal phosphorylated mTORC1 (15), although 
behavioral observations from the present study and those 
of others showed that local, intrathecal, or systemic 
administration of rapamycin alleviated neuropathic pain 
(24-27). The mechanisms of how mTORC1 is involved 
in neuropathic pain are elusive, but the anti-nociceptive 
effect of rapamycin may be related to its interaction with 
pro-nociceptive sodium channels, resulting in functional 
reduction of these channels, or it likely acts as an effective 
immunosuppressive agent activating autophagy, decreasing 
cytokine release and suppressing immune-cell-derived 
microglial cells (28,29). It appears that the mechanisms 
by which mTORC1 participates in neuropathic pain and 
morphine-induced tolerance/hyperalgesia are distinct. 
However, these mechanistic differences do not affect the use 
of rapamycin and its analogues as adjuvants with opioids in 
neuropathic pain management.  
         Although a previous study indicated that microglia-
mediated disruption of neuronal Cl- homeostasis was 
necessary for the development of morphine hyperalgesia, 
but not of morphine tolerance (30), it is generally considered 
that common cellular mechanisms are shared under the 
conditions of morphine-induced tolerance and hyperalgesia 
because both can be blocked by the same manipulation 
(9,11,31,32). The present study indicated that intrathecal 
co-infusion of rapamycin attenuated both morphine-
induced tolerance and hyperalgesia in neuropathic pain, 
which further supports the notion that targeting shared 
mechanisms provide not only a strategy to enhance the utility 
of opioids to overcome opioid tolerance but also serve as an 
avenue to reduce other opioid-induced side effects, such as 
constipation, respiratory inhibition, and over sedation.   
         In conclusion, our findings strongly support the role of 
spinal mTORC1 in morphine- induced analgesic tolerance 
and hyperalgesia in neuropathic pain. mTORC1 inhibitors 
are FDA-approved clinical drugs for organ transplantation 
and cancer treatment. Therefore, mTORC1 inhibitors could 

be promising drugs for use as adjuvants with opioids in 
treating chronic pain including neuropathic pain and cancer 
pain. 
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