Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Title: Spinal opioid tolerance depends upon platelet-derived growth factor receptor-β signaling,
not mu-opioid receptor internalization
Authors: Puig S., Barker K.E., Szott S.R. , Kann P.T., Morris J.S. and Gutstein H.B.*#@

Laboratory of Origin: Anesthesiology Institute, Allegheny Health Network, Pittsburgh, PA, 15224

15224 USA. SP, SRS, PTK: University of Pittsburgh School of Medicine, Pittsburgh,
Pennsylvania, 15213 USA. KEB: MD Anderson Cancer Center, Houston, Texas 77030 USA.
JSM: Biostatistics Division, Perelman School of Medicine, Philadelphia, Pennsylvania 19104
USA.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Author Affiliations: HBG: Anesthesiology Institute, Allegheny Health Network, Pittsburgh, PA

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Running Title: Opioid tolerance is not dependent upon MOR internalization

Number of text pages: 16
Number of tables: 1
Number of figures: 5

Number of words in abstract: 245
Number of words in introduction: 455
Number of words in discussion: 1877

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Number of references: 61

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Abstract:
Opioids are some of the most potent analgesics available. However, their effectiveness is
limited by the development of analgesic tolerance. Traditionally, tolerance was thought to occur
by termination of mu-opioid receptor (MOR) receptor signaling via desensitization and
internalization. Contradictory findings led to a more recent proposal that sustained MOR
signaling caused analgesic tolerance. However, this view has also been called into question.

signaling system is both necessary and sufficient to cause opioid tolerance. We therefore
propose a completely new hypothesis, that opioid tolerance is mediated by selective cellular
signals and is independent of MOR internalization.

To test this hypothesis, we developed an automated software-based method to perform
unbiased analyses of opioid-induced MOR internalization in the rat substantia gelatinosa. We
induced tolerance with either morphine, which did not cause MOR internalization, or fentanyl,
which did. We also blocked tolerance by administering morphine or fentanyl with the PDGFR-β
inhibitor imatinib.

We found that imatinib blocked tolerance without altering receptor internalization induced by
either morphine or fentanyl. We also showed that imatinib blocked tolerance to other clinically
used opioids. Our findings indicate that opioid tolerance is not dependent upon MOR
internalization and support the novel hypothesis that opioid tolerance is mediated by intracellular
signaling that can be selectively targeted. This suggests the exciting possibility that undesirable
opioid side effects can be selectively eliminated, dramatically improving the safety and efficacy
of opioids.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023
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Significance Statement:
Classically, it was thought that analgesic tolerance to opioids was caused by desensitization and
internalization of mu opioid receptors (MORs). More recently, it was proposed that sustained,
rather than reduced MOR signaling caused tolerance. Here we present conclusive evidence that
opioid tolerance occurs independently of MOR internalization, and is selectively mediated by
platelet-derived growth factor receptor signaling. This novel hypothesis suggests that dangerous

opioids.
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opioid side effects can be selectively targeted and blocked, improving the safety and efficacy of
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Introduction:
For centuries, opioids have been first line drugs for the treatment of severe pain. However, their
effectiveness is limited by the development of opioid analgesic tolerance. Analgesic tolerance
develops more rapidly than tolerance to other severe and potentially life-threatening opioid
effects such as itching, constipation, and respiratory depression (Gutstein and Akil, 2006). Thus,
the severity of side effects and risk of lethal overdose increases as opioid doses escalate,

critical for the development of safer and more effective treatments for chronic pain.

Opioids induce cellular signaling through the mu-opioid receptor (MOR), a Gi/o-protein coupled
protein receptor (GPCR) (Pasternak, 2010). MOR is expressed in pain-modulating neuronal
pathways in peripheral sensory neurons, spinal cord and brain (Mansour et al., 1994, 1995).
Initially it was postulated that opioid tolerance was caused by termination of opioid signaling by
opioid-induced receptor desensitization and downregulation (internalization) (Cox, 1991).
However, it was observed that chronic morphine administration caused tolerance without
inducing receptor internalization (the ‘morphine paradox’) (Keith et al., 1996; Gutstein and Akil,
2006). It was subsequently proposed that sustained receptor signaling, rather than termination
of signaling by internalization mediated analgesic tolerance (Kieffer and Evans, 2002; He and
Whistler, 2005). This hypothesis has also been called into question by conflicting data (Bailey et
al., 2003; Koch et al., 2005). Contradicting both theories, all opioids, regardless of whether they
induce MOR internalization or not, induce analgesic tolerance when administered at
equianalgesic doses (Duttaroy and Yoburn, 1995; Raehal et al., 2011). We recently discovered
that the platelet-derived growth factor receptor beta (PDGFR-β) signaling system is both
necessary and sufficient to cause opioid tolerance. We also demonstrated that the analgesic
properties of opioids could be completely dissociated from opioid tolerance (Wang et al., 2012).
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limiting their prolonged use. Better understanding the mechanisms underlying tolerance is
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Based these findings, we propose a completely new hypothesis for the mechanisms underlying
opioid tolerance; namely, that opioid tolerance is caused by selective intracellular signaling and
occurs independently of MOR internalization.

To test this hypothesis, we developed an automated software-based method that allowed us to
perform an unbiased analysis of the amount of MOR internalization induced by opioids in the

did not cause MOR internalization, and with fentanyl, which did cause receptor internalization.
We also blocked the development of tolerance by treating rats with morphine or fentanyl in
combination with the PDGFR-β inhibitor imatinib. We then analyzed the degree of MOR
internalization induced in each treatment group. We also treated rats with several clinically used
opioids to determine whether PDGFR-β antagonism would block analgesic tolerance to a wider
range of clinically used opioids.
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dorsal horn of the spinal cord of rats. We induced opioid tolerance in rats with morphine, which
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Methods:
Animals: Male Sprague Dawley rats (150-200g, Envigo) were housed in groups of two and
were maintained on a 12-hour light/dark cycle with ad libitum access to food and water. Rats
were habituated to the colony room for one week prior to experimental manipulations. All
experimental protocols were approved by the University of Pittsburgh Institutional Animal Care

Drugs and routes of administration: Morphine sulfate, [D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin
(DAMGO), hydromorphone, oxycodone, and sufentanil were obtained from Sigma Chemicals
(Saint Louis MO). Fentanyl was obtained from Henry Schein (Melville, NY). Imatinib was
obtained from LC Laboratories (Woburn, MA). All drugs were dissolved in a solution of 10% βcyclodextrin sulfobutyl ether (Captisol®, CyDex, Lenexa, KS) in 0.9% saline. The doses of
opioids used were identified as equianalgesic in preliminary experiments (data not shown). For
subcutaneous injections (s.c.), rats were lightly restrained without anesthesia and injected
subcutaneously between the shoulder blades with a 27-gauge needle in a volume of 1 ml/kg
body weight. For lumbar intrathecal (i.t.) injections, rats were anesthetized with 2% isoflurane
and injected using a 30-gauge needle attached to a Hamilton syringe as previously described
(Xu et al., 2006).
Nociceptive Testing: Analgesia was assessed using the radiant heat tail flick latency (TFL)
test. Animals were placed in Plexiglas boxes on a modified Hargreaves device (University of
California, San Diego) kept at a constant surface temperature of 30°C (Dirig et al., 1997). Rats
were habituated to the device for 30 min per day for 3 days before testing. A hot lamp was
focused on the tail and the TFL was determined by a photocell. A cutoff of 10 seconds was used
to avoid tissue damage. Measurements were performed at the time of peak analgesic effect of
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each opioid determined in preliminary experiments (data not shown). The experimenter
performing the behavioral experiments was blinded to the treatment group.

Immunohistochemistry (IHC): Immediately following behavioral testing, rats were
anesthetized and spinal cords quickly removed by hydroextrusion using ice-cold PBS. The

cold 2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) diluted in PBS and
slowly agitated for 48 hours at 4ºC. Fixed tissue was then transferred to 20%, and 30% sucrose
diluted in PBS. The tissue was then equilibrated in embedding matrix (OCT, TissueTek), snap
frozen in isopentane (-55ºC) and stored at -80ºC until use. Tissue samples were cut into 25µm
sections. IHC was performed on floating samples in PBS at room temperature (RT) unless
otherwise indicated. Sections were blocked in 10% normal goat serum (NGS) with 0.2% Triton
X100, for 1 hour, then incubated with rabbit anti-mu opioid receptor polyclonal antibody (1:500,
MOR UMB3, Abcam, Cambridge, UK) and mouse anti-NeuN monoclonal antibody (1:2000,
Millipore, Billerica, MA) diluted in 2% NGS and 0.2% Triton X-100 at 4ºC overnight. Tissues
were then rinsed 3 x 5 minutes with PBS and incubated with Alexa Fluor 647 goat anti-rabbit
IgG and Alexa Fluor 568 goat anti-mouse IgG (Invitrogen Molecular Probes, Eugene, OR)
secondary antibodies diluted in 2% NGS for 1 hour. Tissue was then rinsed 4 x 5 minutes with
PBS, incubated with DAPI (50ng/ml in PBS, Cell Signaling technologies) for 5 minutes and
rinsed 3 x 5 minutes. Finally, sections were mounted, air dried, cover slipped in gelvatol (Center
for Biological Imaging, Pittsburgh, PA) and stored at 4ºC. Imaging was performed using a Nikon
A1 confocal microscope and a multi-immersion 60x objective lens. All exposure times and
processing procedures were identical for each specimen. One spinal cord slice was imaged per
rat. The medial, central, and lateral regions of both the left and right substantia gelatinosa were
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lumbar enlargement was isolated, cut into 3 mm sections and immediately transferred to ice-
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imaged in each slice, generating a total of 6 images for each specimen (Figure 1A and 1B). 21
to 25 Z-plane sections (Z-stacks) of 0.3 µm were acquired for each image. Image names were
coded to ensure that the experimenter was blinded to treatment group.

Internalization Analysis and Quantification:
To analyze the amount of MOR internalized in neuronal cell bodies of the substantia gelatinosa

9.0 software (Bitplane, St. Paul, MN, USA). Confocal images were imported into Imaris. Two
preprocessing steps were then applied in order to most objectively identify neuronal cell bodies
and groups of MORs. First, local contrast settings were automatically generated by Imaris
based on local maximum and minimum intensity threshold values of the red (anti-NeuN) and
green (anti-MOR) channels. We then established anti-NeuN and anti-MOR signal thresholds to
be applied to all the images of each experiment by averaging the automatically generated signal
thresholds for anti-NeuN and anti-MOR signals in all vehicle control group images. Second,
average neuron and MOR cluster diameters were set manually, with cells averaging 10 µm in
diameter and MOR cluster size 0.6 µm in diameter. These intensity threshold and diameter
criteria allowed Imaris to reconstruct 3-D ‘surfaces’ representing neuronal cell bodies and 3-D
‘spots’ representing clusters of MORs. Ratios of the number of ‘spots’ (MOR clusters) located
within the volume of each ‘surface’ (neuronal cell body) identified were calculated using a
MATLAB (Natick, MA). algorithm averaged for each treatment group, and expressed as spots/
100 µm3 cell volume. One limitation to this calculation is that the amount of receptor
internalization may be underestimated, as the ‘spots’ identified do not account for larger groups
of MORs; however, this automated procedure was necessary so that ‘surface’ and ‘spot’
identification parameters were consistently applied to all images. Figure 1 presents a schematic
outline of this approach. Neuronal surfaces that did not contain any MOR spots were excluded.
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of the spinal cord, we developed an automated, unbiased software workflow using Imaris x64

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

On average, 25 neurons per field contained at least one MOR spot (Table 1).

Statistical Analyses: Data were analyzed using GraphPad 7.0 and considered statistically
significant if P<0.05. Behavioral data were analyzed using two-way mixed effect ANOVA (Time,
Treatment) followed by Tukey’s multiple comparison post-hoc analysis. Internalization data were
analyzed by first square root transforming the data to normalize variance (see QQ plots, Figure

analysis to compare treatment groups.
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2). An average value for all fields was then calculated for each rat, followed by 1-way ANOVA
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Results:
We initially wanted to determine whether imatinib blocked the development of morphine
tolerance by altering MOR internalization. Rats received daily i.t. injections of either morphine,
vehicle, imatinib, or morphine + imatinib for 5 days. Since morphine is thought to poorly
internalize the MOR (McPherson et al., 2010), a group of rats also received a high dose of
DAMGO, a peptide known to induce MOR internalization (Trafton and Basbaum, 2004), as a

after each daily injection. Tolerance to morphine analgesia developed over 5 days, and
tolerance was blocked by imatinib (Figure 3A). Neither vehicle nor imatinib caused analgesia,
while DAMGO elicited strong analgesia up to the TFL cutoff on all days. It is important to note
that on Day 1, morphine and morphine + imatinib caused equivalent amounts of analgesia
(Figure 3A). Taken together, these results confirm that imatinib does not have an analgesic
effect and does not block tolerance by augmenting morphine analgesia, as previously reported
(Wang et al., 2012).

To determine whether the inhibition of morphine analgesic tolerance caused by imatinib involved
changes in receptor internalization, rat lumbar spinal cords were collected 40 minutes after 1 i. t.
injection with vehicle, morphine, imatinib, morphine + imatinib, or DAMGO. For chronic
experiments, spinal cords were collected immediately after behavioral testing 40 min after
injection on Day 5. Lumbar spinal cord slices were immunostained as described in the methods
to specifically label neurons (anti-NeuN) and MORs (anti-MOR). Immunofluorescent images
were acquired using a confocal microscope (Nikon A1) equipped with a 60x oil immersion
objective lens. Images from the medial, central and lateral regions of left and right dorsal horns
were imaged from each rat. 21 to 25 Z-plane sections (Z-stacks) of 0.3 µm were acquired (each
image = 6.3-7.5µm). All exposure times and processing procedures were identical. Confocal
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Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

images were then imported to Imarisx64 9.0 software (Bitplane, St. Paul, MN, USA). NeuN and
MOR signals were automatically reconstructed by the software. To analyze the amount of MOR
internalized in neuronal cell bodies, we developed an automated, unbiased software workflow.
In the first stage, neurons were identified based on the anti-NeuN fluorescent signal, using the
‘surface’ tool as follows: (1) Local contrast settings were automatically generated by Imaris
based on local maximum and minimum intensity threshold values of the anti-NeuN signal. (2)

control group images. Average cell size was then set at 10µm and surface smoothing was at
1µm. These settings were applied to all images of the entire current study. (3) The anti-NeuN
signal threshold was calculated by averaging the automatically generated signal thresholds from
anti-NeuN signal in vehicle control group images. This average threshold was calculated for
each experiment and applied to all the images of the same experiment. (4) Once generated, 3D
neuronal surfaces were manually verified. Neuronal clusters, identified by the presence of more
than one DAPI nuclei per surface, were manually divided using the Imaris cutting tool.

In the second stage, MOR clusters were identified based on the anti-MOR signal, using the
‘spots’ identification tool in the following manner: (1) Similar to the protocol used above for
surfaces, local contrast settings for spots were automatically generated by Imaris based on local
maximum and minimum intensity threshold values of the anti-MOR signal. (2) The average size
of MOR clusters was estimated by manually measuring the size of anti-MOR signal dots from a
sample of images in the vehicle control group. Average cluster size was set at 0.6 µm and
applied to all images of the entire current study. After generating 3D ‘neuronal surfaces’ and 3D
‘MOR spots’, two MATLAB (Natick, MA) algorithms (paired with Imaris) were subsequently
applied. First, we used the ‘surface identification’ function, which enabled to individually identify
each surface and measure their volume (µm3). Second, we used the ‘split spots into surfaces’
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Neuronal cell bodies size was manually estimated over a sampler of neurons from vehicle
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function, to accurately count the number of ‘MOR spots’ present in each ‘neuronal surface’
previously individually identified. To finish, we proceeded to average the number of ‘MOR spots’
per 100 µm3 neuronal cell volume in each image analyzed. Neuronal surfaces that did not
contain any MOR spots were excluded. On average, 25 neurons per field contained at least one
MOR spot (Table 1) Our method enabled us to analyze over 200 neurons in each treatment
group (Table 1).

morphine injections. Although imatinib was able to completely block morphine tolerance (Figure
3A), it did not alter the amount of MOR internalization when co-administered with morphine
acutely (Figures 3B, C) or chronically (Figures 3D, E). Acute and chronic injections of imatinib
did not alter MOR internalization, while acute, but not chronic DAMGO injection induced
significant internalization.

We then wanted to determine whether imatinib could block tolerance to fentanyl, an opioid
known to induce MOR internalization . If tolerance was inhibited, we then wanted to determine
whether this was associated with alterations in MOR internalization. Fentanyl is a synthetic
opioid that causes MOR internalization (Hashimoto et al., 2006). To explore this issue, rats
underwent daily s.c. injections of vehicle, fentanyl, imatinib or fentanyl + imatinib for 4 days. TFL
was tested 15 minutes after the daily injections. Repeated fentanyl injections induced complete
tolerance by Day 4, while imatinib blocked this effect (Figure 4A). As with morphine, imatinib did
not alter the analgesic effect of fentanyl on day 1, again indicating that imatinib does not appear
to inhibit tolerance by augmenting morphine analgesia.
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We found that the MOR was not internalized by acute (Figures 3B, C) or chronic (Figure 3D, E)
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To determine whether fentanyl tolerance inhibition by imatinib involved changes in the degree of
receptor internalization, rat lumbar spinal cords were collected 15 minutes after 1 day of s. c.
injections with vehicle, fentanyl, imatinib or fentanyl + imatinib for acute experiments. For
chronic studies, spinal cords were collected immediately after behavioral testing 15 minutes
after injection on Day 4. Spinal cord slices were immunostained with anti-NeuN and anti-MOR
antibodies and analyzed as described in the Methods. We found that the MOR internalization

injections. Imatinib did not significantly alter the degree of MOR internalization induced by
fentanyl when co-administered with fentanyl acutely (Figures 4B, C) or chronically (Figures 4D,
E). Again, acute and chronic injections of Imatinib did not alter MOR internalization.

We then tested whether imatinib could block tolerance development to other clinically used
opioids with varying pharmacologic and internalization-inducing properties. We evaluated two
semi-synthetic/poorly internalizing opioids, hydromorphone and oxycodone, and one full
synthetic/highly internalizing opioid, sufentanil (Koch et al., 2005; Gutstein and Akil, 2006). As
before, animals were injected s.c. with either vehicle, an opioid, imatinib or opioid +imatinib daily
for 4 days. TFL was measured daily at the time after injection that peak analgesia was observed
in preliminary experiments (hydromorphone: 30 min, oxycodone: 15min, sufentanil: 15min). We
found that imatinib blocked the development of tolerance to hydromorphone (Figure 5A),
oxycodone (Figure 5B) and sufentanil (Figure 5C).
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Discussion:
In our study, we developed an automated, unbiased method to analyze opioid-induced
MOR internalization (Figure 1). We studied morphine, an opioid known to poorly induce MOR
internalization (Abbadie and Pasternak, 2001), and fentanyl, an opioid that robustly induces
MOR internalization (Koch et al., 2005). We demonstrated that morphine tolerance was
completely inhibited by imatinib, a PDGFR inhibitor, and that imatinib did not alter the degree of

3). We also showed that analgesic tolerance to fentanyl was completely eliminated by imatinib,
and that imatinib did not alter the degree of MOR internalization induced by fentanyl (Figure 4).
We also found that imatinib blocked the development of tolerance to 3 other clinically used
opioids with varying pharmacological and internalization properties (Drewes et al., 2013)
(Figure 4). Taken together, our results indicate that 1) the development of opioid tolerance in the
spinal cord occurs independently of changes in MOR internalization; 2) tolerance can be
blocked without altering MOR internalization and 3) PDGFR signaling mediates tolerance
development for a wide range of clinically used opioids. However, our observations do not
preclude the possibility that MOR internalization could play a role in the development of opioid
tolerance in higher brain regions (Cox and Crowder, 2004; Williams et al., 2013). It is
unclear why chronic administration of agonists known to induce internalization acutely did not
significantly increase internalization in our study. There are two possibilities: First, we may have
missed the peak time of internalization in the chronic study, either due to the delay induced by
behavioral testing or the possibility that the kinetics of the internalization response could be
altered by chronic drug administration. It is also possible that chronic administration of DAMGO
or fentanyl could decrease the internalization response. However, there is not clear data in
support of this hypothesis (Koch and Hollt, 2008; Anselmi et al., 2013).
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MOR internalization caused by morphine after acute or chronic morphine administration (Figure
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Studies investigating MOR internalization are painstaking and require a tremendous
amount of personal effort. Automated methods have been recommended to improve
reproducibility in preclinical science (McNutt, 2014; Begley and Ioannidis, 2015). A previous
study developed an approach called quantitative automated microscopy to evaluate RTK-

was somewhat different than ours, they identified 2 key concepts: namely, that the ‘eye-based’
methods of identifying cells positive or negative for a marker (in our case, immunofluorescence)
may not be accurate, and that it is critical to define threshold criterion to distinguish signal from
background (Andres et al., 2010). These concepts suggest that any manual evaluation of
marker intensity could be suspect, but do not provide a direct explanation for the contradictory
findings of previous studies. Another possible confound is that given the heterogeneity of cells in
living tissue, large sample sizes will likely be needed to detect statistically significant changes in
a population. Our automated analyses were based on sample sizes from approximately 250 to
greater than 750 neurons per treatment group (Table 1). Previous important studies of the
effects of internalization upon opioid tolerance evaluated 10-fold fewer cells, with the majority
studying between 10-20 cells per treatment group (Trafton et al., 2000; He et al., 2002;
Trafton and Basbaum, 2004; Silva-Moreno et al., 2012)

The role MOR internalization plays in opioid tolerance is complicated and controversial.
Classically, opioid tolerance was thought to be due to agonist-induced desensitization and
internalization of the receptor. After agonist binding, GRKs are rapidly recruited to and
phosphorylate the MOR. This increases the affinity of the receptor for β-arrestins, which
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mediated signaling in pain sensitization (Andres et al., 2010). While their analytical approach

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

uncouple the receptors from G proteins, leading to desensitization and receptor internalization
(Williams et al., 2013). However, It is clear that tolerance can be induced by opioid agonists
with varying abilities to induce receptor internalization. For example, morphine can cause
profound tolerance without inducing receptor internalization. It has been suggested that this
could be due to preferential engagement of β-arrestin 2 by morphine (Eisinger et al., 2002),
while drugs with high intrinsic efficacy that induce strong MOR internalization interact with both

induce MOR internalization in adrenergic medullary neurons (Drake et al., 2005) and the
dendrites, but not the cell bodies of nucleus accumbens neurons (Haberstock-Debic et al.,
2003, 2005), suggesting that morphine does have the ability to cause MOR internalization
depending on the expression levels and/or subcellular localization of relevant signaling
molecules (e.g, GRKs, β-arrestins) present in specific regions.

The concept of biased agonism is an evolution of these findings. It has been postulated
that different opioid agonists induce unique conformational changes in the receptor, leading to
preferential interactions with different subsets of cellular signaling molecules (Pradhan et al.,
2012; Ehrlich et al., 2019), which could preferentially mediate different opioid effects.
Importantly, Schmid et al. synthesized a series of MOR agonists that exhibited marked
functional selectivity for either G-protein or β-arrestin mediated signaling (Schmid et al., 2017).
The investigators found that β-arrestin preferring compounds were more likely to induce
respiratory depression, while bias toward G-protein signaling decreased the amount of
respiratory depression relative to analgesia, markedly improving the therapeutic index.
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β-arrestin 1 and β-arrestin 2 (Groer et al., 2011). However, morphine has been shown to
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An assumption implicit in the classical model of opioid tolerance is that receptor
internalization leads to receptor degradation in lysosomes and loss of functional surface
receptors. However, studies have shown that internalized MOR receptors mainly undergo a
cycle of dephosphorylation, reactivation and recycling of active receptors into the cell membrane
(Law et al., 2000; Tanowitz and von Zastrow, 2003). This concept underlies the hypothesis
introduced by Whistler and colleagues that sustained MOR signaling, rather than termination of

would be its relative activity versus its ability to induce endocytosis (‘RA/VE’) (Kie!er

and

Evans, 2002). In this formulation, an effective agonist that poorly induced internalization (such
as morphine) would induce profound tolerance, while an agonist that induced robust
internalization would have a lower tolerance liability. To support this hypothesis, He et al.
presented data showing that administering a small, subanalgesic dose of the strongly
internalizing MOR agonist DAMGO with morphine markedly increased MOR internalization in
the spinal cord and decreased tolerance (He et al., 2002). However, other studies were unable
to replicate these findings (Bailey et al., 2003), and additional work indicated that chronic
morphine treatment caused to decreased, rather than sustained MOR signaling (Bailey et al.,
2004; Dang and Williams, 2005). A core assumption of the RA/VE hypothesis is that
endocytosis has a direct relationship to tolerance. Our work, and that of other investigators,
suggests that robust tolerance can occur regardless of the receptor internalizing properties of an
opioid agonist. For example, Narita and colleagues showed that the highly internalizing agonist
etorphine induced a number of receptor trafficking proteins while morphine did not. In contrast,
morphine, but not etorphine, induced elevations of glial fibrillary acidic protein. Treatment with
the glial inhibitor pentophylline blocked morphine, but not etorphine tolerance. Conversely,
intrathecal injection of astrocytes and conditioned medium accelerated morphine tolerance but
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signaling, causes opioid tolerance. They posited that the tolerance liability of a MOR agonist
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did not impact tolerance to etorphine (Narita et al., 2006). A review by Cahill and colleagues
nicely summarizes the roles of neural circuit adaptations in the genesis of opioid tolerance
(Cahill et al., 2016).

In sum, the literature suggests that depending on the neural context, multiple

develops to different opioid agonists. Our findings suggest that while that opioid tolerance in the
spinal cord is not dependent upon MOR internalization, both prior theories of tolerance
development could be compatible with our findings. Given that imatinib blocked tolerance to a
variety of internalizing and non-internalizing opioid agonists, it appears that PDGFR-β signaling
is engaged by MOR activation regardless of the ligand’s internalization properties or signaling
bias. This supports the idea that PDGFR signaling is a central mediator underlying opioid
analgesic tolerance. Additional experiments will be required to test this hypothesis.

It is important to note that chronic opioid administration induces sexually dimorphic
responses. Observed differences can be inconsistent between studies, and may depend upon
the species or animal strain studied, drug dosing, route of administration, testing paradigm used
and hormonal state of the animals (Dahan et al., 2008). For example, systemic administration of
morphine to rats resulted in more tolerance development in male than female rats (Loyd et al.,
2008; Zhang et al., 2012). However, spinal administration of morphine to mice induced greater
tolerance to a systemic challenge of morphine in female animals (Hopkins et al., 2004), while
ICV injection induced the same magnitude of tolerance in male and female mice (Kest and
Hopkins, 2001). Gonadal hormones may also play an important role in tolerance development,
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as castration has been shown to eliminate sex differences in tolerance (Mousavi et al., 2007).
An important direction for future studies will be to determine whether our observations that
tolerance is blocked by PDGFR inhibitors and does not appear to require receptor
internalization also apply to female animals.

The PDGFR-β is a member of the receptor tyrosine kinase (RTK) family (Heldin and

(Shah and Catt, 2004). The MOR has previously been shown to activate the RTKs epidermal
growth factor receptor (EGFR) and fibroblast growth factor receptor (FGFR) in vitro (Belcheva et
al., 2001, 2002), and we previously demonstrated MOR activation of the PDGFR-β (Wang et al.,
2012). It is also known that RTKs can directly feed back and affect GPCR signaling (Delcourt et
al., 2007; Di Liberto et al., 2019). Previous work has shown direct effects of EGFR signaling
upon the MOR (Clayton et al., 2010). These findings further support the possibility of selective
RTK mediation of opioid effects.

The RTK family is quite large, and there are several RTKs that are closely related to the
PDGFR (Lemmon and Schlessinger, 2010). This raises the question of whether tolerance is a
selective consequence of PDGFR signaling or if other related RTKs could also modulate
tolerance. We recently reported that vascular endothelial growth factor (VEGFR) inhibition
blocked morphine tolerance (Lopez-Bellido et al., 2019). We have also observed that inhibition
of EGFR signaling also blocks tolerance (Puig et al., 2020). Other investigators have shown that
inhibition of signaling by the FGFR (Fujita-Hamabe et al., 2011) and the Ephrin receptor (EphB)
(Liu et al., 2011) also blocks morphine tolerance. Taken together, these results indicate that
opioid tolerance can be caused by MOR signaling through several related RTKs. Additional
studies will be needed to further define the generalizability of this phenomenon.
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In conclusion, by utilizing an automated, unbiased analysis system we have established
that spinal opioid tolerance is not dependent upon MOR internalization. We have also shown
that inhibition of PDGFR-β signaling blocks tolerance development in the spinal cord for a wide
variety of opioid agonists with diverse properties, indicating that PDGFR-β signaling could be a
central mechanism underlying opioid tolerance. These findings suggest the exciting possibility

potentially eliminate the dose escalation caused by tolerance, thereby dramatically increasing
the safety and efficacy of opioid treatment.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

that opioid tolerance can be directly eliminated without altering opioid analgesia. This could

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Acknowledgements:

The authors thank Ms. Pamela White for technical support. We also thank Dr. Simon Watkins
and the Center for Biological Imaging at the University of Pittsburgh for guidance and confocal
support.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Authorship Contributions:
Designed research: Gutstein, Barker and Puig
Conducted experiments: Puig, Barker, Szott, and Kann
Analyzed data: Morris, Puig, Barker, Szott
Wrote or contributed to the writing of the manuscript: Gutstein, Puig, Morris

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

References:
Abbadie C, Pasternak GW (2001) Differential in vivo internalization of MOR-1 and MOR-1C by
morphine. Neuroreport, 12:3069–3072.
Andres C, Meyer S, Dina OA, Levine JD, Hucho T (2010) Quantitative automated microscopy

Anselmi L, Jaramillo I, Palacios M, Huynh J, Sternini C (2013) Ligand-induced µ opioid receptor
internalization in enteric neurons following chronic treatment with the opiate fentanyl. J Neurosci
Res, 91:854–860.
Bailey CP, Couch D, Johnson E, Griffiths K, Kelly E, Henderson G (2003) Mu-opioid receptor
desensitization in mature rat neurons: lack of interaction between DAMGO and morphine. J
Neurosci, 23:10515–10520.
Bailey CP, Kelly E, Henderson G (2004) Protein kinase C activation enhances morphineinduced rapid desensitization of mu-opioid receptors in mature rat locus ceruleus neurons. Mol
Pharmacol, 66:1592–1598.
Begley CG, Ioannidis JP (2015) Reproducibility in science: improving the standard for basic and
preclinical research. Circ Res, 116:116–126.
Belcheva MM, Haas PD, Tan Y, Heaton VM, Coscia CJ (2002) The fibroblast growth factor
receptor is at the site of convergence between mu-opioid receptor and growth factor signaling
pathways in rat C6 glioma cells. Journal of Pharmacology and Experimental Therapeutics,
303:909–918.
Belcheva MM, Szucs M, Wang D, Sadee W, Coscia CJ (2001) mu-Opioid receptor-mediated
ERK activation involves calmodulin-dependent epidermal growth factor receptor transactivation.
Journal of Biological Chemistry, 276:33847–33853.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

(QuAM) elucidates growth factor specific signalling in pain sensitization. Mol Pain, 6:98.

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Cahill CM, Walwyn W, Taylor AMW, Pradhan AAA, Evans CJ (2016) Allostatic Mechanisms of
Opioid Tolerance Beyond Desensitization and Downregulation. Trends Pharmacol Sci, 37:963–
976.
Clayton CC, Bruchas MR, Lee ML, Chavkin C (2010) Phosphorylation of the mu-opioid receptor
at tyrosine 166 (Tyr3.51) in the DRY motif reduces agonist efficacy. Molecular Pharmacology,
77:339–347.

Pharmacotherapy of Pain (Basbaum AI, Besson JM, eds), pp 137–156. John Wiley & Sons.
Cox BM, Crowder AT (2004) Receptor domains regulating mu opioid receptor uncoupling and
internalization: Relevance to opioid tolerance. Molecular Pharmacology, 65:492–495.
Dahan A, Kest B, Waxman AR, Sarton E (2008) Sex-specific responses to opiates: animal and
human studies. Anesth Analg, 107:83–95.
Dang VC, Williams JT (2005) Morphine-Induced mu-opioid receptor desensitization. Mol
Pharmacol, 68:1127–1132.
Delcourt N, Bockaert J, Marin P (2007) GPCR-jacking: from a new route in RTK signalling to a
new concept in GPCR activation. Trends in Pharmacological Sciences, 28:602–607.
Di Liberto V, Mudò G, Belluardo N (2019) Crosstalk between receptor tyrosine kinases (RTKs)
and G protein-coupled receptors (GPCR) in the brain: Focus on heteroreceptor complexes and
related functional neurotrophic effects. Neuropharmacology, 152:67–77.
Dirig DM, Salami A, Rathbun ML, Ozaki GT, Yaksh TL (1997) Characterization of variables
defining hindpaw withdrawal latency evoked by radiant thermal stimuli. Journal of Neuroscience
Methods, 76:183–91.
Drake CT, Aicher SA, Montalmant FL, Milner TA (2005) Redistribution of mu-opioid receptors in
C1 adrenergic neurons following chronic administration of morphine. Exp Neurol, 196:365–372.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Cox BM (1991) Molecular and cellular mechanisms in opioid tolerance. In: Towards a New

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Drewes AM, Jensen RD, Nielsen LM, Droney J, Christrup LL, Arendt-Nielsen L, Riley J, Dahan
A (2013) Differences between opioids: pharmacological, experimental, clinical and economical
perspectives. Br J Clin Pharmacol, 75:60–78.
Duttaroy A, Yoburn BC (1995) The effect of intrinsic efficacy on opioid tolerance. Anesthesiology,
82:1226–1236.
Ehrlich AT, Semache M, Gross F, Da Fonte DF, Runtz L, Colley C, Mezni A, Le Gouill C,

neurons. IScience, 14:47–57.
Eisinger DA, Ammer H, Schulz R (2002) Chronic morphine treatment inhibits opioid receptor
desensitization and internalization. J Neurosci, 22:10192–10200.
Fujita-Hamabe W, Nakamoto K, Tokuyama S (2011) Involvement of NCAM and FGF receptor
signaling in the development of analgesic tolerance to morphine. Eur J Pharmacol, 672:77–82.
Groer CE, Schmid CL, Jaeger AM, Bohn LM (2011) Agonist-directed interactions with specific
beta-arrestins determine mu-opioid receptor trafficking, ubiquitination, and dephosphorylation. J
Biol Chem, 286:31731–31741.
Gutstein HB, Akil H (2006) Opioid Analgesics. In: Goodman & Gilman’s The Pharmacological
Basis of Therapeutics (Brunton LL, Lazo JS, Parker KL, eds), pp 547–590. New York: McGrawHIll.
Haberstock-Debic H, Wein M, Barrot M, Colago EE, Rahman Z, Neve RL, Pickel VM, Nestler
EJ, von Zastrow M, Svingos AL (2003) Morphine acutely regulates opioid receptor trafficking
selectively in dendrites of nucleus accumbens neurons. J Neurosci, 23:4324–4332.
Haberstock-Debic H, Kim KA, Yu YJ, von Zastrow M (2005) Morphine promotes rapid, arrestindependent endocytosis of mu-opioid receptors in striatal neurons. Journal of Neuroscience,
25:7847–7857.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Lukasheva V, Hogue M (2019) Biased signaling of the mu opioid receptor revealed in native

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Hashimoto T, Saito Y, Yamada K, Hara N, Kirihara Y, Tsuchiya M (2006) Enhancement of
morphine analgesic effect with induction of mu-opioid receptor endocytosis in rats.
Anesthesiology, 105:574–580.
He L, Fong J, von Zastrow M, Whistler JL (2002) Regulation of opioid receptor trafficking and
morphine tolerance by receptor oligomerization. Cell, 108:271–282.
He L, Whistler JL (2005) An opiate cocktail that reduces morphine tolerance and dependence.

Heldin CH, Lennartsson J (2013) Structural and functional properties of platelet-derived growth
factor and stem cell factor receptors. Cold Spring Harb Perspect Biol, 5:a009100.
Hopkins E, Rossi G, Kest B (2004) Sex differences in systemic morphine analgesic tolerance
following intrathecal morphine injections. Brain Res, 1014:244–246.
Keith DE, Murray SR, Zaki PA, Chu PC, Lissin DV, Kang L, Evans CJ, von Zastrow M (1996)
Morphine activates opioid receptors without causing their rapid internalization. J Biol Chem,
271:19021–19024.
Kest B, Hopkins E (2001) Morphine tolerance after chronic intracerebroventricular injection in
male and female mice. Brain Res, 892:208–210.
Kieffer BL, Evans CJ (2002) Opioid tolerance-in search of the holy grail. Cell, 108:587–590.
Koch T, Widera A, Bartzsch K, Schulz S, Brandenburg LO, Wundrack N, Beyer A, Grecksch G,
Höllt V (2005) Receptor endocytosis counteracts the development of opioid tolerance. Mol
Pharmacol, 67:280–287.
Koch T, Hollt V (2008) Role of receptor internalization in opioid tolerance and dependence.
Pharmacology & Therapeutics, 117:199–206.
Law PY, Wong YH, Loh HH (2000) Molecular mechanisms and regulation of opioid receptor
signaling. Annu Rev Pharmacol Toxicol, 40:389–430.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Current Biology, 15:1028–1033.

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Lemmon MA, Schlessinger J (2010) Cell Signaling by Receptor Tyrosine Kinases. Cell,
141:1117–1134.
Lopez-Bellido R, Puig S, Huang PJ, Tsai C-R, Turner HN, Galko MJ, Gutstein HB (2019) Growth
Factor Signaling Regulates Mechanical Nociception in Flies and Vertebrates. The Journal of
Neuroscience, 39:6012–6030.
Loyd DR, Morgan MM, Murphy AZ (2008) Sexually dimorphic activation of the periaqueductal

the rat. Eur J Neurosci, 27:1517–1524.
Mansour A, Fox CA, Thompson RC, Akil H, Watson SJ (1994) m-opioid receptor mRNA
expression in the rat CNS: Comparison to m-receptor binding. Brain Research, 643:245–265.
Mansour A, Fox CA, Burke S, Akil H, Watson SJ (1995) Immunohistochemical localization of the
cloned m opioid receptor in the rat CNS. Journal of Chemical Neuroanatomy, 8:283–305.
McNutt M (2014) Reproducibility. Science, 343:229.
McPherson J, Rivero G, Baptist M, Llorente J, Al-Sabah S, Krasel C, Dewey WL, Bailey CP,
Rosethorne EM, Charlton SJ, Henderson G, Kelly E (2010) µ-opioid receptors: correlation of
agonist efficacy for signalling with ability to activate internalization. Mol Pharmacol, 78:756–766.
Mousavi Z, Shafaghi B, Kobarfard F, Jorjani M (2007) Sex differences and role of gonadal
hormones on glutamate level in the nucleus accumbens in morphine tolerant rats: a
microdialysis study. Eur J Pharmacol, 554:145–149.
Narita M, Suzuki M, Narita M, Niikura K, Nakamura A, Miyatake M, Yajima Y, Suzuki T (2006)
mu-Opioid receptor internalization-dependent and -independent mechanisms of the
development of tolerance to mu-opioid receptor agonists: Comparison between etorphine and
morphine. Neuroscience, 138:609–619.
Pasternak GW (2010) Molecular Insights Into mu Opioid Pharmacology From the Clinic to the
Bench. Clinical Journal of Pain, 26:S3–S9.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

gray-rostral ventromedial medullary circuit during the development of tolerance to morphine in

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Pradhan AA, Smith ML, Kieffer BL, Evans CJ (2012) Ligand-directed signalling within the opioid
receptor family. Br J Pharmacol, 167:960–969.
Puig S, Donica CL, Gutstein HB (2020) EGFR signaling causes morphine tolerance and
mechanical sensitization in rats. eNeuro, ENEURO.0460–18.2020.
Raehal KM, Schmid CL, Groer CE, Bohn LM (2011) Functional Selectivity at the Œº-Opioid
Receptor: Implications for Understanding Opioid Analgesia and Tolerance. Pharmacological

Schmid CL, Kennedy NM, Ross NC, Lovell KM, Yue Z, Morgenweck J, Cameron MD, Bannister
TD, Bohn LM (2017) Bias Factor and Therapeutic Window Correlate to Predict Safer Opioid
Analgesics. Cell, 171:1165–1175.e13.
Shah BH, Catt KJ (2004) GPCR-mediated transactivation of RTKs in the CNS: mechanisms and
consequences. Trends in Neurosciences, 27:48–53.
Silva-Moreno A, Gonzalez-Espinosa C, León-Olea M, Cruz SL (2012) Synergistic
antinociceptive actions and tolerance development produced by morphine-fentanyl
coadministration: correlation with µ-opioid receptor internalization. Eur J Pharmacol, 674:239–
247.
Tanowitz M, von Zastrow M (2003) A novel endocytic recycling signal that distinguishes the
membrane trafficking of naturally occurring opioid receptors. J Biol Chem, 278:45978–45986.
Trafton JA, Basbaum AI (2004) [d-Ala2,N-MePhe4,Gly-ol5]enkephalin-induced internalization of
the micro opioid receptor in the spinal cord of morphine tolerant rats. Neuroscience, 125:541–
543.
Trafton JA, Abbadie C, Marek K, Basbaum AI (2000) Postsynaptic signaling via the [mu]-opioid
receptor: responses of dorsal horn neurons to exogenous opioids and noxious stimulation. J
Neurosci, 20:8578–8584.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Reviews, 63:1001–1019.

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Wang Y, Barker K, Shi S, Diaz M, Mo B, Gutstein HB (2012) Blockade of PDGFR-β activation
eliminates morphine analgesic tolerance. Nat Med, 18:385–387.
Williams JT, Ingram SL, Henderson G, Chavkin C, von Zastrow M, Schulz S, Koch T, Evans CJ,
Christie MJ (2013) Regulation of µ-Opioid Receptors: Desensitization, Phosphorylation,
Internalization, and Tolerance. Pharmacological Reviews, 65:223–254.
Xu JJ, Walla BC, Diaz MF, Fuller GN, Gutstein HB (2006) Intermittent lumbar puncture in rats: a

Zhang Y, Donica CL, Standifer KM (2012) Sex differences in the Nociceptin/Orphanin FQ
system in rat spinal cord following chronic morphine treatment. Neuropharmacology, 63:427–
433.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

novel method for the experimental study of opioid tolerance. Anesth Analg, 103:714–720.

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Footnotes:
* This work was supported by the National Institutes of Health National Institute on Drug
Abuse [Grant 1R01 DA038660]
Portions of the data included in this manuscript were previously presented in abstract
form at the International Narcotics Research Conference, Chicago, IL, 2017, and the Society for
Neuroscience annual meeting, Washington, DC, 2017.
#

Correspondence: Howard B. Gutstein, M.D., Anesthesiology Institute, West Penn
Hospital, 4800 Friendship Avenue, Pittsburgh, PA 15224 USA. email: howard.gutstein@ahn.org
Phone: 412-578-5323.
@

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Figure Legends:
Figure 1. Novel automated, unbiased method to quantify MOR internalization.
(A) Schematic of a cross section of the lumbar spinal cord of rats. Black squares represent
the fields that were imaged from each spinal cord section from each rat using a Nikon A1
confocal microscope. (B) Representative field of interest in the SG. Neuronal cell bodies
(NeuN, red) and mu-opioid receptors (MORs, green) are visualized after the IHC procedure. 60x

Image analysis workflow. 1. Import and preprocess images, 2. Identify neuronal cell bodies as
‘surfaces’, 3. Identify receptor clusters as ‘spots’, 4. Count spots within each surface (i.e., MOR
clusters internalized within each neuron).
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Figure 2. QQ plots of square root transformed MOR internalization data. All treatment
groups had alpha values > 0.05 calculated using the Shapiro-Wilk test. MS - morphine; I imatinib; MS + I - morphine + imatinib; F - fentanyl; F + I - fentanyl + imatinib; DAMGO - [D-Ala2,
N-MePhe4, Gly-ol]-enkephalin.

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 8, 2023

Molecular Pharmacology Fast Forward. Published on July 28, 2020 as DOI: 10.1124/mol.120.119552
This article has not been copyedited and formatted. The final version may differ from this version.

Figure 3. Imatinib blocks morphine tolerance without altering MOR internalization.
(A) Imatinib prevents morphine tolerance. Rats were injected i.t. with vehicle
(Veh, 10% captisol), morphine (MS, 0.6 nmoles), Imatinib (Im, 10 µg), MS+Im or
DAMGO (1µmole) for 5 consecutive days. Tail flick latencies (TFLs) were measured daily
40 minutes after injection. N=4 rats per group. Data presented as mean +/- SD. (B)

single i.t. injection with vehicle (Veh, 10% captisol), morphine (MS, 0.6 nmoles),
Imatinib (Im, 10 µg), MS+Im or DAMGO (1µmole; positive control), processed for IHC
and analyzed as described in the text. N = 4 rats per group, 6-7 fields analyzed per
rat. Data presented as mean +/- SD. One-way ANOVA on square root transformed
data, F (4, 15) = 7.30, p<0.002. Dunnett’s post-hoc test; *** p<0.001 vs. Vehicle. (C).
Representative neurons from each acute morphine treatment group. (D) MOR
internalization after chronic morphine. Rats were injected for 5 days with either
vehicle (Veh, 10% captisol), morphine (MS, 0.6 nmoles), Imatinib (Im, 10 µg), MS+Im or
DAMGO (1µmole; positive control). Spinal cords were collected 40 min after the last
injection, processed for IHC and analyzed as described in the text. N = 4 rats per
group, 6-7 fields analyzed per rat. Data presented as mean +/- SD; One-way ANOVA
on square root transformed data, F (4, 15) = 2.00, p<0.145. (E) Representative
neurons from each chronic morphine treatment group.
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Figure 4. Imatinib blocks fentanyl tolerance without altering MOR internalization.
(A) Imatinib prevents fentanyl tolerance. Rats were injected s.c. with vehicle (Veh; 10%
captisol), fentanyl (F, 25ug/kg), imatinib (I, 5mg/kg), or fentanyl + imatinib (F+I) for 4 consecutive
days. Tail flick latencies (TFLs) were measured daily 15 minutes after injection. N=6 rats per
group. Data presented as mean +/- SD. (B) MOR internalization after acute fentanyl. Spinal
cords were collected 15 min after a single s.c. injection with vehicle (Veh, 10% captisol),

and analyzed as described in the text. N=3 rats per group, 6-7 fields per rat. Data presented as
mean +/- SD. One-way ANOVA on square root transformed data, F (3, 8) = 12.59, p=0.0021.
Dunnett’s post-hoc test; *p<0.05, *** p<0.001 vs. vehicle. (C). Representative neurons from
each acute fentanyl treatment group. (D) MOR internalization after chronic fentanyl. Rats
were injected s.c. with vehicle (Veh; 10% Captisol), fentanyl (F, 25ug/kg), imatinib (Im, 5mg/kg),
or fentanyl + imatinib (F+Im) for 4 consecutive days. Spinal cords were collected 15 min. after
the last injection, processed for IHC and analyzed as described in the text. N=4 rats per group,
6-7 fields per rat. Data presented as mean +/- SD;. One-way ANOVA on square root
transformed data, F (3, 8) = 6.11, p=0.0182. Dunnett’s post-hoc test; *p<0.05 vs. vehicle. (E)
Representative neurons from each chronic fentanyl treatment group.
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Figure 5. Imatinib prevents analgesic tolerance to clinically used opioids with differing
pharmacological properties.
(A) Imatinib prevents tolerance to hydromorphone. Rats received daily s.c. injections of
either hydromorphone (0.4mg/kg), imatinib (5mg/kg) or hydromorphone + imatinib for 4 days.
Tail flick latencies (TFL) were measured daily 30 minutes after injection. N=6 rats per group. 2way mixed-effects ANOVA, Time x Treatment: F (8, 60) = 33.00, p<0.0001. (B) Imatinib

(1mg/kg), imatinib (5mg/kg) or oxycodone + imatinib for 4 days. TFLs were measured daily 15
minutes after injection. N=7-8 rats per group. 2-way mixed-effects ANOVA, Time x Treatment: F
(8, 80) = 21.09, p<0.0001. (B) Imatinib prevents tolerance to sufentanil. Rats received daily
s.c. injections of either sufentanil (2.5µg/kg), imatinib (5mg/kg) or sufentanil + imatinib for 4
days. TFL were measured daily 15 minutes after injection. N=6 rats per group. 2-way mixedeffects ANOVA, Time x Treatment: F (8, 60) = 15.56, p<0.0001. For all figures: data presented
as mean +/- SD.
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Tables:
Table 1. Sample size summary for each treatment group.
Veh = Vehicle, MS = Morphine Sulfate, Im = Imatinib, D = DAMGO, F = Fentanyl.
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Figures:
Figure 1:
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Figure 2:
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