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Navigating the duality of opioids’ potent analgesia and side effects, including
tolerance and hyperalgesia, is a significant challenge in chronic pain man-
agement, often prompting hazardous dose escalation to maintain analgesic
effects. The peripheral mu-opioid receptor (MOR) is known to mediate these
contradictory effects. Here, we show that the fms-like tyrosine kinase receptor
3 (FLT3) in peripheral somatosensory neurons drives morphine tolerance and
hyperalgesia in a male rodent model. We found that chronic morphine treat-
ment increases FLT3 and MOR co-expression, and that inhibiting FLT3
represses MOR-induced hyperactivation of the cyclic adenosine monopho-
sphate (cAMP) signaling pathway, mitigating maladaptive excitatory processes
engaged after chronic morphine treatment. Furthermore, in postsurgical or
inflammatory models of chronic pain, co-administering morphine with a FLT3-
specific inhibitor not only prevents or suppresses tolerance and hyperalgesia
but also potentiates the analgesic efficacy of morphine, without aggravating
other morphine-induced adverse effects. Our findings suggest that pairing
morphine with FLT3 inhibitors could become a promising avenue for chronic
pain management to safely harness the power of opioids, without the risk of
dose escalation. By enhancing morphine analgesic potency through FLT3
inhibition, this approach could minimize opioid dosage, thereby curtailing the
risk of addiction and other opioid-related side effects.

While opioid analgesics stand unrivaled in managing severe pain, their declining long-term efficacy' linked to the onset of analgesic
particularly in acute and cancer-related scenarios, their long-term tolerance leading to dose escalation, paradoxical hyperalgesia**, and
employment in treating other chronic pain disorders has encountered  other harmful side effects, such as addiction and life-threatening
escalating scrutiny. Long-term opioid therapies are inadequate due to  respiratory depression’®. Current pharmaceutical strategies fall short of
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resolving the maladaptive processes that precipitate the progressive
decline in opioid effectiveness, underscoring the urgent need for new
therapeutics that can alleviate opioid-associated tolerance and
hyperalgesia, thereby enhancing chronic opioid efficacy.

The G-protein-coupled mu-opioid receptor (MORs) is acknowl-
edged as the primary contributor of opioid analgesia and side-effects?.
Although MOR is expressed throughout pain neural circuits in a variety
of nervous system regions, dysregulation of MOR function in dorsal
root ganglion (DRG) neurons appears to be one of the key molecular
events that initiates chronic opioid-induced pathological plasticity
within the central pain circuits, thereby facilitating the development of
chronic opioid-induced tolerance (OIT) and hyperalgesia (OIH)**®. For
example, mice lacking MOR expression in TrpvI+ nociceptors do not
develop OIT and OIH after chronic morphine treatment while anti-
nociception is conserved’. These data indicate that the mechanisms
underlying OIT and OIH can be dissociated from the ones underlying
analgesia, though they remain largely unexplored.

OIH and OIT represent adaptive processes in response to either
acute or chronic opioid exposure that result from complex alterations
of MOR at the molecular level as well as at the cellular and circuit levels,
in both the peripheral and central nervous systems’. The mechanisms
supporting OIT and OIH are tightly coupled. Indeed, the prevention of
OIH can reverse OIT and restore opioid analgesic effects>”'°. At the
MOR level, signaling pathways (e.g. Gi/o and B-arrestin) engaged by
MOR activation may cause desensitization'”’, internalization, phos-
phorylation and heterodimerization*"* that can all participate in the
development of both OIT and OIH. In addition, the long-term silencing
of neurons originating from the overactivation of MOR has been sug-
gested to be compensated by opposing mechanisms leading to
increased synaptic excitability via increased excitatory neuropeptide
expression”® and long-term potentiation (LTP) in the spinal cord, two
mechanisms also involved in OIT and OIH”*. In the DRG, chronic
morphine treatment can initiate the cyclic adenosine 3’, 5-monopho-
sphate (CAMP)/protein kinase A (PKA) pathway known as “cAMP super-
activation” by activating MOR?**?, increasing the proportions and the
activity of different excitatory channels (e.g., Ca*, TRPV1 channels)
and inducing pro-nociceptive glutamate and peptide release, e.g.,
substance P, calcitonin gene-related peptide (CGRP). This then results
in primary afferent hyperexcitability, increased central neuro-
transmission, and dorsal spinal cord (DSC) pain sensitization>******,
Despite the consensus that cAMP/PKA signaling contributes to cellular
adaptations associated with chronic opioid leading to OIT and OIH, the
molecular actors and partners of MOR underlying these effects are yet
to be identified.

Neuronal adaptations that are implicated in OIT and OIH share
similar molecular mechanisms with those underpinning the develop-
ment of peripheral neuropathic pain (PNP)*2%. We have previously
found that PNP initiation and maintenance are dependent on fms-like
tyrosine kinase receptor 3 (FLT3) activation in primary sensory
neurons”. Activation of FLT3 by its ligand FL induces excitatory
responses that result in enduring hyperexcitability of DRG neurons,
central sensitization of the DSC, and heightened pain sensitivity similar
to chronic opioid mechanisms mentioned above. Conversely, specific
genetic or pharmacological FLT3 inhibition reverses established PNP
symptoms and their molecular and cellular counterparts - inhibition of
TRPVI1 channel over-activation and decrease in neuropeptide upregu-
lation. Given the ability of MOR in the DRG to functionally interact with
other molecular partners such as receptor tyrosine kinases (RTK)*°,
and the parallels between chronic morphine-induced MOR-dependent
and PNP-induced FLT3-dependent pain sensitization, we were
prompted to examine a potential contribution of FLT3 to MOR-
dependent adaptive changes related to OIT and OIH.

Our study evidenced that FLT3 becomes activated in DRG noci-
ceptors during long-term morphine exposure. This activation is a cri-
tical process that controls the peripheral mechanisms underlying

morphine-induced adaptive changes within nociceptive neural circuits
resulting in OIT and OIH. Therefore, FLT3 expressed in primary affer-
ent sensory neurons appears to drive the initiation of adverse counter-
adaptive mechanisms to morphine exposure, allowing the onset of OIT
and OIH. Our data support the development of therapeutic strategies
for disrupting FLT3 signaling to maintain adequate morphine pain
relief, while limiting dose escalation and subsequent detrimental
morphine-induced clinical side effects.

Results

FLT3 mediates morphine-induced hyperalgesia through the
activation of pro-nociceptive pathways

Firstly, considering the role of DRG neurons in the control of MOR- and
FLT3-dependent hyperalgesia’*’, we compared the cellular localization
of MOR and FLT3 in the lumbar DRG neurons of control mice treated
with saline with those receiving repeated morphine treatment
(Chronic morphine: 10 mg/kg, subcutaneous injections, twice daily for
4 days). To assess the co-expression of MOR and Fit3, we used the
MOR-mCherry mouse line combined with in situ hybridization of Fit3
mRNA. In control mice, we observed that 35+1.6% and 25.5+2.3% of
DRG neurons were MOR- and Flt3-positive (MOR+ and Flt3+),
respectively (Fig. 1a, b). A subset of 13 +1.6% of MOR+ neurons were
also Flt3+ and 18.7 +3.6% of Flt3+ neurons expressed MOR (Fig. 1b).
Strikingly, following chronic morphine exposure, the subset of Flt3+
neurons expressing MOR significantly increased, doubling to
34.9 + 2.3% compared to control conditions (Fig. 1a, b) while the overall
proportion of MOR+ and Flt3+ neurons remained relatively stable
(41.6 +1.6% and 21+1.8%, respectively). In conjunction with these
results, we investigated in vivo a potential role of FLT3 on the devel-
opment of OIH, using a global Flt3-knockout mouse model. Chronic
morphine led to a gradual decrease of the mechanical pain threshold,
indicating OIH, in both male and female Fit3"" littermate mice (Fig. 1c,
S1). However, Fit3*° littermates of both genders failed to develop OIH
(Fig. 1c, S1), signifying that FLT3 is necessary for the establishment
of OIH.

To gain insights into how and where FLT3 is involved in OIH
mechanisms, we evaluated the effects of FLT3 in DRG neurons on
morphine-induced overactivation of cAMP, a canonical and critical
second messenger of MOR for inducing OIH***3, Initially, we
observed that PKI14-22, an inhibitor of the protein kinase A** which is a
primary effector of the adenylyl cyclase (AC)/cAMP pathway, pre-
vented OIH in mice when injected intrathecally (Fig. 1d). This obser-
vation underscores the role of the cAMP signaling pathway in the
adaptive changes elicited by chronic morphine in vivo. Subsequently,
we found that cAMP levels were elevated in DRG collected from Flt3*"
animals treated with chronic morphine, but not from Flt3*° mice, when
compared to FIt3"" animals treated with saline (Fig. 1e, S2a). Finally, we
conducted primary cell culture of adult DRG neurons and evaluated
the effects of chronic (Fig. 1f, S2b) or acute (Fig. S3a) morphine on
forskolin-induced cAMP accumulation. As previously reported®*?,
acute morphine inhibited forskolin-induced increase of cAMP levels in
DRG primary cultures from Flt3"" mice (Fig. S2a). This process relies on
MOR activation, as shown by the blockade of morphine-induced
inhibition of cAMP accumulation by the MOR-selective antagonist
CTAP. Interestingly, the inhibitory effect of morphine on forskolin-
induced cAMP accumulation was totally absent in cultured DRG neu-
rons from FIt3"" animals that were chronically exposed to morphine
(exposure to 10 uM for 4-7 days) (Fig. 1f). By contrast, the morphine
inhibitory effect was maintained in DRG neurons cultured from FIt3°
mice (Fig. 1f). Of note, the non-normalized data indicated a difference
between Flt3*° and FIt3"" DRG neurons in cAMP baseline conditions
(Fig. S2b). This may be due to a negative modulation of FLT3 signaling
pathways on cAMP accumulation by cross-talk mechanisms as pre-
viously shown for neurotrophins® or a compensatory mechanism in
the constitutive FIt3“° mouse. This result was unlikely due to a
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Fig. 1| Flt3 and MOR colocalization in mouse sensory neurons is enhanced by
chronic morphine and Flt3 invalidation blocks OIH and associated signaling
and biochemical changes. a In situ hybridization of Fit3 mRNA in DRG neurons
from MOR-mCherry mice showing the colocalization of MOR and FLT3 in control
mice (top) and mice repeatedly treated with morphine (bottom). Bars = 100 um for
the main pictures and 20 um for the magnification. b Quantification of the images
shown in (a) as number of positive neurons. MOR and FLT3 are the percentage of
MOR+ and FLT3+ neurons respectively, among all DRG neurons. MOR/FLT3 and
FLT3/MOR are the percentages of MOR+ neurons that are also FLT3+ and FLT3+
neurons that are also MOR +, respectively (n =4 mice/group; p =0.0286).

¢ Mechanical pain sensitivity of FIt3"" or FIt3“° mice (n=6) assessed by von Frey
after chronic saline or morphine treatment (p < 0.0001). d Mechanical pain sensi-
tivity of FLT3"™ mice (n=8; p=0.0334) assessed by von Frey test two days after
starting chronic morphine with or without PKI (5 ug i.t.). € cCAMP dosage in DRGs
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from Fle3"" or Flt3*° mice treated with saline or morphine (n=10 or 11; p=0.0234
and p=0.0010). f Basal cAMP level (Control), or cAMP responses to forskolin in
primary cultures of DRG neurons from Flt3"" (n=4) or FIt3*° (n=3) mice treated
with morphine. g-j Top: CGRP-immunoreactivity in DRG neurons (p = 0.0004) and
CGRP-, GFAP- and Ibal-immunoreactivities, respectively, in DHSC from Flt3""and
Flt3%° mice (n = 6) after chronic saline or morphine treatment (p =0.025;
p=0.0074; p=0.0277; respectively). Bottom: quantification of images shown in
(g-j). Results are mean + SEM of data collected from 4-6 animals. FSK, forskolin;
Mor, morphine; Sal, saline. *P < 0.05, **P < 0.01, **P < 0.001. Statistical analyses
included two-sided Mann-Whitney test (b), two-way repeated ANOVA followed by
adjusted Bonferroni’s test for multiple comparisons (c, g-j), one-way ANOVA fol-
lowed by uncorrected Fisher’s LSD (d) and mixed-effect model (REML) test fol-
lowed by Sidak’s test for multiple comparisons (e). Source data are provided as a
Source Data file.

difference in the expression of MOR receptors in the DRG, as no dif-
ference was found between FIt3"" and Flt3° animals (Fig. S3b). These
observations indicate that FLT3 is involved in cAMP-dependent pro-
nociceptive changes produced by chronic morphine.

Chronic morphine treatment induces several biochemical chan-
ges, with an increase of CGRP in DRG neurons and a glial activation in
the DSC being among the key alterations. These changes result in
hyperexcitability of sensory nerve fibers and heighten central
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neurotransmission>>>**, Given this context, we sought to investigate
FLT3’s implication further by studying how Flt3 deletion impacts these
chronic morphine-induced pronociceptive phenotypes. We observed
an increase in CGRP immunostaining in both DRG neurons (Fig. 1g) and
their DSC projections (Fig. 1h) in FIt3"™ mice following chronic mor-
phine administration. This increase was absent in FIt3*° mice. Fur-
thermore, glial changes as evidenced by a rise in the expression of glial
fibrillary acidic protein (GFAP) in astrocytes and ionized calcium-
binding adapter molecule 1 (IBAl) in microglia, were also FLT3-
dependent, as these changes were substantially weaker in FIt3° mice
(Fig. 1i, j). Hence, our data show that biochemical changes observed
after a chronic morphine treatment are dependent on FLT3, at both
DRG and DSC levels.

Morphine induced-hyperexcitability is a FLT3-dependent neu-
ronal mechanism

Next, we sought to determine whether FLT3 also regulates opiate-
induced hyperexcitability of DRG neurons as typically observed in OIH
and OIT. Using live microscopy coupled with intracellular Ca** ([Ca*'];)
imaging on primary cultures of adult mouse DRG neurons, we first
examined MOR-induced ([Ca*'];) changes in saline and chronic mor-
phine conditions. Under control conditions, DAMGO (10 uM), a MOR-
selective agonist that reduces neuronal excitability by inhibiting
voltage-activated Ca® channels in sensory neurons®, significantly
decreased ([Ca®'];) transients induced by high K* concentration (HiK")
application in DRG neurons from both FIit3*" and FIt3*° mice
(Fig. 2a, b). In contrast, following chronic morphine exposure (10 uM
twice a day for 4 days before [Ca*]; experiments), data analysis show
that application of DAMGO increased HiK*-induced [Ca*']; transients in
Fit3"" DRG neurons (Fig. 2a, b), confirming the excitatory effects of
repeated MOR stimulation®. Intriguingly, the DAMGO excitatory effect
was absent in neurons cultured from Flt3*° mice after chronic mor-
phine treatment (Fig. 2a, b), suggesting that Flt3 deletion can hinder
the development of morphine-induced DRG neuronal hyperexcit-
ability. In addition, analysis of non-normalized [Ca*']i peak transient
amplitudes indicates that, under chronic morphine exposure, HiK'-
induced [Ca*); transients was reduced in comparison with saline
condition in FIt3"" DRG neurons (Fig. S4a, b). These results are in
accordance with previous ones showing a L-type channel Ca(v)1.3
downregulation® and a K* channel Kv1.5 protein®” upregulation under
chronic morphine exposure. Such reduction was not present in Flt3°
DRG neurons (Fig. S4b). We also investigated the effects of the FLT3-
specific negative allosteric modulator, BDT0OO1, known to inhibit FL-
induced FLT3 phosphorylation and abrogate nerve injury-induced
neuropathic pain®. Similar to Fit3 genetic deletion, FLT3 pharmaco-
logical blockade by BDTOO1 (1 uM), reversed the HiK*-induced ([Ca*];)
transient potentiation induced by DAMGO in chronic morphine-
treated DRG neurons (Fig. S5a, b).

By recording single nerve fiber electrical activity using the ex-vivo
glabrous skin-saphenous-nerve preparation (Fig. 2c), we observed that
aberrant post-discharge activity was common in sensory fibers from
morphine-treated FIt3"" mice after skin mechanical stimulation but
was minimal or absent in fibers from chronic morphine-treated FIt3°
mice (Fig. 2d). In chronic morphine-treated FIt3"" mice, C-type sensory
fibers continued to respond well beyond the cessation of the
mechanical stimulus. This led to a significant 85% rise in the average
firing activity of mechano-sensory fibers following the mechanical
stimulation compared to the period preceding it (Fig. 2e). No post-
discharges were seen in C-type sensory fibers after skin mechanical
stimulation in FIe3"" or FIt3*° mice injected with saline solution instead
of morphine (Fig. S6a, b; mean change in basal activity: -2.5+ 0.5 and
-1.8 £ 0.25%, respectively). Increased activity was predominantly seen
in high threshold C-type mechanoreceptors (Tonic HTMRs)
(+106 +21.8%) and low-threshold C-type slowly-adapting mechan-
oreceptors (SA LTMRs) (+ 62+ 8%) (Fig. 2e, S6c). No post-discharges

were observed in SA LTMR fibers from chronic morphine-treated Fit3<°
mice after mechanical stimulation (Fig. 2e, S6d). Contrastingly, low-
threshold rapidly-adapting mechanoreceptors (RA LTMRs) displayed
no aberrant post-discharges after chronic morphine treatment in both
WT and FIt3*° mice (Fig. 2e, Sée, d). Similarly, BDTOO1 (5 mg/kg),
administered in vivo 90 min before each morphine administration,
also abolished morphine induced-aberrant post-discharges of both
HTMRs and SA LTMRs (Fig. S5c). To evaluate the effect of FLT3 silen-
cing on excitatory properties of chronic morphine at the level of DRG
central terminal synapses in the DSC, we recorded evoked-excitatory
postsynaptic currents (eEPSCs) in lamina I and Il outer (llo) neurons, in
response to primary afferent electrical stimulation (Fig. 2f). The
recording data were obtained in unidentified post-synaptic neurons of
lamina I and llo. Chronic morphine treatment in FIt3"" mice sig-
nificantly increased the peak amplitude of eEPSCs compared to
chronic saline-treated FIt3"™ mice (Fig. 2g, h). This morphine effect on
eEPSC amplitude was not observed in Flt3° mice. Altogether, our data
suggest that FLT3 plays a pivotal role in promoting morphine-induced
hyperexcitability across DRG fibers from peripheral to central
synapses.

FLT3 inhibition in DRG neurons prevents the development of
OIT and OIH

Since OIH and OIT are supported by peripheral mechanisms, we fur-
ther hypothesized that FLT3 in the DRG could mediate these opioids
adverse effects. Using a Flt3-targeted shRNA delivered via an
intrathecally-injected AAV9 virus (Fig. 3a—-c), we investigated whether
specific FLT3 disruption in the DRG, such as the downregulation of its
expression at the neuron level, would impact the development of OIT
and OIH of either mice or rats. The delivery of Flt3-shRNA AAV9 virus
reduced FLT3 expression in the DRG* and blocked FL-induced
mechanical pain hypersensitivity, without affecting motor function
in rats (Fig. S7a, ¢). We observed that in chronic morphine-treated rats
receiving a single injection of AAV9 Flt3-shRNA, OIT (Fig. 3b) and OIH -
mechanical pain hypersensitivity (Fig. 3c) and mechanical allodynia
(Fig. S7b) - were entirely abrogated. Conversely, OIH and OIT were
observed in rats receiving the control AAV9 non-targeted shRNA.
Finally, the stimulation of FLT3 by intrathecal injection of the FLT3
ligand FL (138 nM/20 ul) largely inhibited acute morphine analgesia in
Flt3"" mice (Fig. 3d), which was totally prevented by the intrathecal
injection of PKI14-22 (Fig. S8). This demonstrates that FLT3 activation
governs MOR functioning via cAMP signaling pathway. Altogether, our
findings underscore the crucial role of neuronal FLT3 in the DRG in
promoting OIT and OIH.

Pharmacological FLT3 inhibition improves morphine analgesia
without aggravating morphine side effects

Building upon this groundwork, we aimed to leverage these findings
with the idea of a new therapeutic approach combining the FLT3
specific inhibitor BDTOO1 and morphine. We hypothesized that this
combination could provide better analgesia compared to morphine
alone. We found that administering BDTOO1 (5 mg/kg, intraperitoneal)
90 min before morphine (2.5 mg/kg, subcutaneous) treatment sig-
nificantly potentiated acute morphine analgesia in rats, as shown by
the leftward shift in the morphine dose-response curve which repre-
sents a ~ 30% morphine-sparing effect (Fig. 4a, b). Similar results were
obtained in mice (Fig. S9). We also show that administration of BDTO01
totally prevented OIH and OIT in chronic morphine-treated rats
(Fig. 4c, d). In addition, BDTOOL1 alone did not induce constipation nor
respiratory depression and did not affect the intensity or duration of
these side effects when they were caused by chronic morphine in mice
(Fig. 4e, f). Also, BDTOO1 did not exacerbate withdrawal responses
precipitated by the opioid receptor antagonist naloxone following
chronic morphine®® (Fig. 4g). Importantly, in the conditioned place
preference paradigm, BDTOO1 did not induce motivational effects, and
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Fig. 2 | FLT3 controls chronic morphine-induced peripheral neuronal hyper-
excitability in mice. a Traces of [Ca®"]; responses to repeated bath applications of
high K* (HiK*, 50 mM) alone or combined with DAMGO (1 uM), in cultured DRG
neurons from FIt3*" (n=4) or FIt3“° (n=4) mice treated with chronic saline or
morphine (morphine at 10 uM for 3-4 DIV, followed by rinsing out). b Results are
expressed as response amplitudes normalized to HiK" alone (AF peak). Data were
obtained from more than three biologically independent experiments. To ensure
clarity in the data representation, 3 points (216, 271 and 296%) were not displayed
on the graph for the Mor-K"-DAMGO/FIt3"" group. The numbers below the X-axis
indicate the total number of cells recorded for each group. ¢ Scheme of the skin-
nerve preparation set-up. d Ex vivo extracellular recordings of spontaneous- and
mechanically evoked-activity on high threshold C-mechanoreceptors from
saphenous-nerve preparations of FIt3"" and FIt3*° mice before and after a 10
s-mechanical stimulus (bottom trace) applied on mice treated with chronic mor-
phine. e Normalized firing of cutaneous mechanoreceptors recorded in FIt3""
(n=7) or FIt3*° (n=4) mice exposed to chronic morphine (p <0.0001 and
p=0.0009). To ensure clarity in the data representation, 3 points (450, 562 and
567%) were not displayed on the graph for Tonic Flt3"" group. f Scheme of the

electrophysiological set-up to record evoked responses in lamina I-llo in the DHSC
after electrical stimulatio of the dorsal root. g Examples of monosynaptic evoked
responses induced by dorsal roots electrical stimulation (arrows) in spinal slices of
FIe3"" and FIt3*° mice treated with either chronic saline or morphine. h Peak
amplitude of monosynaptic evoked responses of neurons recorded from saline-
treated FIt3"" (n=6) or FIt3*° (n=6) mice, and morphine-treated Fit3"" (n=8) or
Flt3%° (n = 5) mice (p = 0.0477). To ensure clarity in the data representation, 2 points
(-406 and -585 pA) were not displayed on the graph for the Mor Flt3"" group. Elec.
stim, electrical stimulation; Mech. stim, mechanical stimulation; Mor, morphine;
Sal, saline; Sc. Nerve, sciatic nerve; Tonic, high threshold C-type mechan-
onociceptors; RA, low-threshold rapidly-adapting mechanoreceptors; SA, low-
threshold C-type slowly-adapting mechanoreceptors. Lllo: lamina Il outer. Bars in
(b, e, h) represent mean + SEM of n neurons per group. *P< 0.05, *P<0.01,

***P < 0.001. Statistical analyses included mixed-effects model (REML) followed by
adjusted Bonferroni’s test for multiple comparisons (b, €) and the Kruskal-Wallis
test followed by adjusted Dunnett’s test for multiple comparisons (h). Panel (f) was
created in BioRender. Thouaye, M. (2024) BioRender.com/w51v287. Source data
are provided as a Source Data file.

did not reveal a place preference in mice receiving a non-rewarding
low dose of morphine (1.5 mg/kg; Fig. 4h). Hence, our findings show
that the enhancement of morphine analgesia by BDTOO1 was not
associated with an exacerbation of morphine adverse effects.

BDTO0O01 in combination with morphine is effective in preventing
and relieving acute and chronic pain

Because opioids are clinically prescribed to treat moderate to severe
pain, we conducted experiments to evaluate the benefits of combining
morphine and BDTOOL1 therapy in two animal models of pain. For this

purpose, we tested BDT0O1, alone or in combination with morphine, in
mice with acute postsurgical pain, or rats with persistent inflammatory
pain. Firstly, using the incisional postsurgical pain model in mice***°,
we found that 24 h post-surgery, the pain threshold was strongly
decreased to a similar extent in control animals and those treated with
a low dose of morphine (1.5 mg/kg), indicating that the dose of mor-
phine was ineffective (Fig. 5a). BDTOO1 alone, administered during the
surgical procedure, had a partial but significant analgesic effect.
Notably, morphine administration (1.5 mg/kg) to BDTOO1-treated mice
induced a marked increase in the pain threshold (Fig. 5a), indicating
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of AAV9 non-target (NT shRNA) shRNA or AAV9 Flt3-shRNA virus before and during
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percentage of Maximal Possible Effect (MPE) after the first daily injection of mor-
phine in AAV9 non-targeted (NT shRNA) shRNA- or AAV9 Flt3-shRNA-treated rats
(p=0.0293 and p < 0.0001). ¢ Mechanical pain sensitivity of rats receiving a single
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morphine treatment. d Mechanical pain sensitivity of rats receiving a single intra-
thecal injection of FL (138 nM/20 uL) 30 min before an acute morphine injection
(2 mg/kg, subcutaneously) (n = 6 rats/group). Inset: Bar and symbols represent
mean of area under the curve (AUC; p = 0.0043). Data are shown as mean + SEM
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analyses included mixed-effects (REML) (a) or two-way ANOVA (b-d) followed by
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Whitney test for two unpaired comparison (d, inset). Source data are provided as a
Source Data file.

that a synergistic drug combination might enable lower doses of
morphine to be efficient. Secondly, the BDTOO1-morphine drug com-
bination prevented OIH and OIT in the Complete Freund’s Adjuvant
(CFA) model* of persistent inflammatory pain in rats. As classically
described, CFA injection into the hindpaw resulted in a decrease in
mechanical pain thresholds (Fig. 5b, ¢ and S10a, c). Animals subse-
quently receiving chronic morphine showed OIT (Fig. 5c, S10b) and
OIH (Fig. 5b, S10c). Concomitant administration of BDTOO1 with
morphine enhanced morphine analgesia and prevented morphine
tolerance (Fig. S10a, b). The combination of morphine with BDT001
had modest effects on CFA-induced inflammation as evaluated by the
diameter of the injected hindpaw (Fig. S10d), suggesting that the
restoration of morphine analgesia was unlikely due to an action of
BDTOO1 on peripheral inflammation. Finally, we conducted experi-
ments to assess the curative effects of BDTOO1 on OIT and OIH
(Fig. 5b-d). Rats received morphine alone, twice daily for four days (7
to 10 days post-CFA), until OIH and OIT were established. Morphine
treatment was then combined with BDTOO1 in some animals from 11 to
14 days post-CFA. The baseline pain threshold, measured each day
before the first morphine treatment, progressively normalized in ani-
mals treated with BDTOO1 (Fig. 5b), indicative of a reversal of OIH. The
first injection of morphine (7 days post-CFA) produced a robust
analgesic effect that decreased over the time with the repetition of the
injections (Fig. 5¢, d). Importantly, as soon as the first BDTOO1 injection
was performed (11 days post-CFA), morphine analgesia was increased
and entirely restored after 4 days of BDTOO1 treatment (15 days post-

CFA) (Fig. 5¢, d), indicative of a reversal of OIT. In summary, these
results indicate that BDTOOI therapy, in association with morphine,
improves acute and chronic morphine analgesia in pain models by
preventing or reversing OIT and OIH.

Discussion

The long-term use of opioids to maintain adequate pain relief in
chronic pain is prevented by our lack of fundamental knowledge about
the mechanisms limiting their efficacy over time. Since opioid-induced
analgesia and side-effects appears controlled by different and specific
mechanisms, identifying the actors involved in these processes
appears adequate to find therapeutic strategies that would permit the
chronic use of opioids without their adverse consequences. Our study
provides insights on the critical implication of FLT3 expressed in DRG
neurons, in OIT and OIH. Our findings reveal that FLT3 activation
regulates the MOR-dependent canonical cAMP-PKA pathway, causing
neuronal hyperexcitability that in turn drives the initiation of adverse
counter-adaptations to opioid analgesia and facilitates the develop-
ment of OIT and OIH. Thus, blockade of peripheral FLT3 prevents OIT
and OIH while largely improving morphine analgesic efficacy in acute
and chronic pain models (Fig. 6).

Several biochemical and cellular mechanisms participate in the
development of OIH and OIT at different cellular or neuronal levels.
In DRG neurons, the increased activity of the AC/cAMP/PKA pathway
after chronic morphine treatment, referred to as ‘superactivation’ of
AC, represents one of the key signaling systems which counteracts
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Fig. 4 | Pharmacological inhibition of FLT3 by BDT001 improves morphine
analgesia without affecting morphine side-effects. a, b Dose-response curve of
morphine (Mor) analgesia with or without pre-treatment with intraperitoneal (i.p.)
BDTOO1 (BDT, 5 mg/kg) injected 90 min before subcutaneous (s.c.) morphine
administration in rats (n = 6 rats/group). ¢ Mechanical sensory sensitivity of rats
receiving i.p. vehicle or BDTOO1 (5 mg/kg) 90 min before s.c. chronic morphine
treatment (2 mg/kg, twice a day for 4 days) (n= 6 rats/group). d Measurement of
morphine antinociception (percentage of MPE) during s.c. chronic morphine
treatment (n = 6 rats/group; p = 0.0456). e Constipation in mice receiving i.p.
vehicle or BDT0O01 (5 mg/kg) followed by s.c. saline or morphine (10 mg/kg) (n=8
mice/group; p=0.0174 and p = 0.0299). f Respiratory frequency in WT mice after
s.c. saline or morphine injection with i.p. vehicle or BDTOO1 (5 mg/kg) (n =8 mice/

group). g BDTOO01 (5 mg/kg) did not enhance naloxone-precipitated withdrawal
signs in chronic morphine mice (n = 16 mice/group for the number of reactions and
n =8 mice/group for the number of jumps). h BDT001 (5 mg/kg) had no motiva-
tional effects in mice and did not potentiate the motivational effects of a low,
inactive dose of morphine (Mor 1.5 mg/kg) as evaluated with the conditioned place
preference (n=9-10 mice/group). Data are shown as mean + SEM (n =10-12 mice/
group). *P<0.05, *P<0.01, **P < 0.001 vs. morphine alone. Statistical analyses
included two-way repeated ANOVA followed by adjusted Bonferroni’s test for
multiple comparisons (a-c), two-sided Mann-Whitney test (d), and two-way repe-
ated ANOVA (e). BDT BDT001, Mor morphine, Sal saline, Veh vehicle. Source data
are provided as a Source Data file.

the acute Gi/o protein coupling activities of MOR, promoting
morphine-induced excitatory effects*®*2. We confirmed in both in
vitro and in vivo experiments that morphine excitatory effects
depend indeed on the hyperactivation of AC, which promotes OIH.
Strikingly, FLT3 deletion prevented the loss of morphine-induced
inhibition on forskolin-induced cAMP increase in vitro (Fig. 1f) and
in vivo (Fig. 1e), strongly suggesting that FLT3 regulates MOR exci-
tatory effects via the AC/cAMP/PKA pathway. Our data further show
that FLT3 inhibition reduced morphine-induced sensory neuronal
hyperexcitability at peripheral and central presynaptic DRG/DSC
synapse levels. First, in cultured DRG neurons exposed to chronic
morphine, application of DAMGO increased HiK*-induced [Ca*']; in
culture collected from FIt3"T, but not from Fit3*° mice (Fig. 2a, b). In
order to address some limitations associated with the Ca® imaging
experiments, further investigation is needed to ascertain which
sensory neurons derived from primary cultures express the FLT3
receptor. Second, our electrophysiological studies on skin-nerve
preparation revealed the absence of post-discharges after mechan-
ical stimulation of the saphenous nerve in chronic morphine-treated
FIt3*° mice as compared to morphine-treated FIt3"" animals

(Fig. 2d, e). Third, though the identity of cells recorded remains
elusive, chronic morphine produced an increase in the peak ampli-
tude of dorsal horn eEPSCs compared to chronic saline-treated mice,
while Fit3 deletion prevented morphine-induced spinal hyperexcit-
ability (Fig. 2g, h). Biochemical analysis confirmed these functional
studies. Indeed, in agreement with previous studies®, chronic mor-
phine induced the overexpression of neuronal hyperexcitability
markers in DRG and spinal cord as shown with increased expression
of CGRP in morphine-treated FIt3"" mice in the DRG and the
increased expression of glial (GFAP and Ibal) markers 5 days after the
beginning of morphine treatment. Here again, the deletion of FLT3
prevented morphine-induced central sensitization as shown by the
reduced expression of GFAP, Ibal and CGRP in FIt3*° mice in the
spinal cord (Fig. 1g-j). Finally, at the behavioral level, targeting FLT3
in DRG using intrathecal AAV9-FLT3 shRNA virus* abolished OIT and
OIH development, improving morphine analgesia (Fig. 3a-c). Con-
versely, FLT3 activation by FL dramatically reduced morphine
analgesia suggesting a direct intervention of FLT3 on MOR signaling
pathway supporting morphine analgesia (Fig. 3d). Hence,
FLT3 signaling contributes to the molecular and synaptic changes in
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Fig. 5 | Pharmacological inhibition of FLT3 by BDT001 enhances morphine
analgesia in acute pain and reverses tolerance in chronic inflammatory pain.
aEffect of i.p. vehicle (n = 8), BDT001 (5 mg/kg; n = 16) alone or in combination with
s.c. morphine (1.5 mg/kg; n=16) on post-surgical pain in mice, before or 24 h after
surgery. (p <0.0001). b Curative effect of i.p. BDT0OO1 (5 mg/kg) on OIH in CFA-
treated rats (n = 6 rats/group, p = 0.0434). BDTOO1 treatment was initiated on the
5th day of morphine treatment, which was continued for 3 more days. ¢ Morphine
analgesia progressively decreased, as morphine-induced increase in mechanical
pain thresholds vanished, as shown by the maximal morphine effect at 30 min.
BDTOO1 treatment restored morphine analgesia (n = 6 rats/group, respective order
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on the graph p=0.0047; p <0.0001; p =0.0003; p = 0.0008). d Time-course and
AUC analysis (inset) of the morphine analgesic effect in rats combined with vehicle
or BDTOO1 administration at 7, 11 and 14 days after CFA. Inset: Bar and symbols
represent mean of AUC + SEM of 6 rats per group. *P < 0.05, **P<0.001 for the
indicated comparisons (a); *P < 0.05, ***P < 0.001 vs. Vehicle (Veh)-Saline (Sal) and
##+# P < 0.001 vs. morphine alone (b-d). Statistical analyses included two-way
ANOVA (a-c) or mixed-effects (REML) (d) followed by adjusted Bonferroni’s test for
multiple comparisons and two-sided Mann-Whitney test (d, insets). Source data are
provided as a Source Data file.

DRG neurons that induced the functional adaptation at the MOR level
resulting in OIH and OIT.

Sustained peripheral and central alterations induced by chronic
morphine treatment are abrogated by FLT3 deletion. A key concept
emerging from our findings is the existence of a functional interaction
between MOR and FLT3 receptors in peripheral DRG neurons, driving
the initiation of adverse counter-adaptations to opioid analgesia, and
allowing the onset of OIT and OIH. Other functional interactions
between MOR and RTKs have been documented in heterologous
expression systems or diverse native central neurons. Here, we iden-
tified a functional interaction between the G protein-coupled recep-
tors MOR and the RTK FLT3 both at cellular and behavioral levels. Our
results showed that MOR and FLT3 are co-localized in DRG neurons,
and morphine treatment increased their co-localization in FLT3" cells,
suggesting an increased functional interaction between MOR and FLT3
after chronic opioid exposure. On the one hand, in control animals,
acute FLT3 activation by FL reduced (Fig. 3c) and FLT3 inhibition
enhanced morphine analgesia (Fig. 4a, b). Importantly, in this case,
FLT3 inhibition alone does not have any analgesic effect” suggesting
that FLT3 inhibitors restore morphine-mediated analgesia rather than
causing analgesia by themselves. These results also indicate a possible
MOR-induced FLT3 activation that induces the activation of pronoci-
ceptive systems, thus counteracting morphine-induced analgesia.
Such MOR/RTKs transactivation events have been identified at DRG
and spinal cord levels where MOR functionally activates and interacts
with PDGR* and EGFR*, to modulate opioid-induced analgesia and
take part in OIH and OIT. Two major pathways for RTK activation by
MOR have been identified involving either extracellular RTK ligand
release or intracellular effector signaling recruitment*’. How FLT3
activation is MOR-dependent remains to be elucidated. On the other
hand, RTKs can also transactivate MOR-mediated signaling that

controls morphine tolerance development as well as OIH*. In the
present study, FLT3 deletion prevented morphine-induced cellular and
biochemical changes blunting both OIT and OIH and suggesting a key
role for FLT3-MOR interaction in these adverse effects. Depending on
the RTK and the cell-type studied, RTK-modulated MOR activations
have been shown to involve different mechanisms, e.g. receptor phy-
sical interactions or intracellular pathway crosstalks®. Thus, delineat-
ing how FLT3 and MOR receptor co-regulate each other’s activities and
signaling pathways is an important subject for future research.

While opioids remain widely used in the treatment of post-
operative and chronic inflammatory pain, their loss of efficacy with
repeated dosing is positively correlated with dose escalation leading to
an increase of morbidity and mortality, and are key contributors to the
ongoing opioid crisis®*°. Thus, prospective therapeutic strategies need
to alleviate dose escalation without decreasing opioid analgesia. Our
results indicate that, in healthy and pathological conditions, inhibiting
FLT3 signaling at the DRG level could limit dose escalation following
chronic opioid exposure, while maintaining morphine analgesia. In this
sense, we showed here that inhibiting FLT3 with BDTO0O1, a specific
negative allosteric modulator of FLT3 known to inhibit neuropathic
pain-induced hyperexcitability”®, not only prevents morphine analge-
sic tolerance but also potentiates morphine analgesia in naive animals,
resulting in ~30% reduction of the morphine dose producing the same
analgesic effect (Fig. 4e; see leftward shift in the morphine dose-
response curve). Because clinical opioid medication is typically asso-
ciated with the relief of pain, we ascertain BDTOOL1 therapeutic effects
in both acute post-operative pain and chronic inflammatory pain.
Importantly, BDTOO1 repeated injections yield stronger potentiation
of morphine analgesia in these pain conditions (compared to naive),
prevents the development (preventive effect) and once installed,
drastically reverses (curative effect) tolerance and OIH (Fig. 5),
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Fig. 6 | Schematic view of the functional interaction between MOR and FLT3 in
DRG neurons promoting OIH and OIT. Chronic MOR stimulation produces
excitatory effects at the DRG levels via the activation of FLT3 signaling in sensory
neurons leading to neuronal hyperexcitability. That would promote over-
expression of CGRP, glial activation and post-synaptic hyperexcitability in the
dorsal horn of the spinal cord. All these molecular changes and synaptic changes
support OIH and OIT. Blocking FLT3 activation inhibits chronic morphine-induced
molecular and cellular excitatory changes restoring morphine analgesia. The figure
was created in BioRender. Thouaye, M. (2024) BioRender.com/y65f560. AC Ade-
nylate cyclase, DRG Dorsal root ganglia, cAMP Cyclic adenosine monophosphate,
CGRP calcitonin gene-related peptide, FLT3 Fms-like tyrosine kinase 3, MOR u
opioid receptor, OIH Opioid-induced hyperalgesia.

improving morphine analgesia during treatment of chronic pain. In
addition, BDTOO1 alone does not elicit the various morphine-induced
side effects and does not potentiate these effects in combination with
morphine as shown for respiratory depression, constipation and
rewarding effects, three critical opioid-induced side effects (Fig. 4f-h).
Therefore, targeting peripheral opioid receptor by modulating FLT3
expressed in DRGs appears a promising strategy to treat
persistent pain.

To date, pain relief in humans suffering from cancer-associated
chronic pain treated with an FLT3 inhibitor has been suggested in one
clinical report”. In this study, patients with androgen-independent
prostate cancer were treated by sorafenib, a potent FLT3 inhibitor
(ICsp =13 nM). Pain response, as measured by a two-point reduction in
the Present Pain Intensity score (PPI, scored 1-5), without an increase in
analgesic demand, or as a 50% or greater reduction in the analgesic
demand without an increase in PPI, maintained for at least 3 weeks, was
found in 15 patients out of 64. Among them, 3 stopped and 3 reduced
by 75% the use of morphine. The results suggest a specific effect of
sorafenib on pain and on opioid demand, rather than an indirect effect
of tumor regression (14% and 78% of the patients have stable or slow
progressive disease respectively). Nevertheless, the response rate of
patients on analgesics was not reported in the publication. Interest-
ingly, single-cell RNA sequencing analysis of human DRG neurons*®
show that Oprm1 and Flt3 mRNAs are present and co-expressed by the
same neurons (Fig. S11). Altogether, these observations strongly sug-
gest that such a functional interaction between MOR and FLT3 may
occur in patients.

To conclude, our research shows that FLT3 expressed in primary
afferent neurons regulates MOR function by altering MOR inhibitory

properties following chronic opioid exposure. We propose that this
process is conserved in mice and rats and, potentially in humans,
driving the initiation of adverse counter-adaptations to opioid
analgesia, allowing the development of OIT and OIH. Our research lays
a scientific foundation for developing therapeutic strategies aimed at
disrupting FLT3 signaling to maintain effective morphine pain relief
during chronic morphine use. Specifically, BDTOO1 enhances mor-
phine analgesia and prevents morphine tolerance in persistent
inflammatory pain without exacerbating morphine’s adverse effects.
Therefore, FLT3 inhibitors, which prevent dose escalation without
diminishing opioid analgesia, hold promise as potential agents to
improve chronic opioid therapies. Ultimately, our fundamental find-
ings highlight the exciting possibility that more effective treatments
might soon be available for the countless patients suffering from
chronic pain worldwide.

Methods

Animals

Experiments were performed in male Sprague-Dawley rats (150-170 g,
Janvier, France), C57BL/6 naive mice (25-30g, Janvier, France), or
C57BL/6 mice carrying a homozygous deletion of FIt3 (FIt3“° mice) and
their littermates (WT) weighing 25-30g. All the procedures were
approved by the French Ministry of Research (authorization # 20114-
2019040310181741v3). Animals were maintained in a climate-
controlled room on a 12h light/dark cycle and allowed access to
food and water ad libitum. Housing conditions were maintained at a
temperature of 22-23 °C and a humidity level of 40-50%. For rats and
mice, we used n=6 or 8 per group for each experiment respectively,
otherwise the number is noted in the legends. Male and female mice
were first considered separately in behavioral procedures. Both sexes
showed mechanical hypersensitivity of same intensity after repeated
morphine injection and were similarly affected by Flt3 deletion
(ANOVA followed by Bonferroni’s test, n =8 for both sexes and geno-
types for each experiment, Fig. S1). Thereafter, experiments were
performed only on male mice.

Drug delivery

Opioids. Morphine HCI was purchased from Francopia, dissolved in
0.9% sodium chloride and administered subcutaneously. For the
chronic morphine administration protocol, morphine subcutaneous
injections were performed twice a day with 8 h of interval during
4 days. Rats and mice received 2 mg/kg and 10 mg/kg per injection,
respectively. For acute morphine-FL treatment protocol in rats one
subcutaneous morphine injection (2 mg/kg) was performed 30 min
after FL (138 nM/20 ul) intrathecal injection.

FL. Human recombinant FL (FLT3 ligand) was obtained in the E. coli
Rosetta (DE3) strain (Novagen) in our laboratory using the pET15b-rhFL
plasmid and was dissolved in saline solution. For recombinant FL
intrathecal injection, a 30 G needle attached to a Hamilton syringe was
inserted between L4 and LS vertebrae in lightly restrained, isoflurane-
anaesthesized rats. The reflexive tail flick was used to confirm the
punction. A total volume of 20 ul was injected.

PKA pharmacological inhibitor. One hour before intrathecal injection
of FL, the PKA inhibitor PKI 14-22 (#2546 - Tocris) was administered
intrathecally at a concentration of 5 ug/10 pl.

BDTOO1. BDTOO1 was synthesized at Laboratoire d’Innovation Thér-
apeutique (UMR7200, CNRS - Université de Strasbourg, lllkirch 67400
France)”. BDTOO1 was dissolved in 7% Tween 20 in a saline solution
with 6 sonication runs of 45 se. BDT001 was injected at 5 mg/kg in mice
and at 2mg/kg in rats. For chronic morphine protocol with BDT001
treatment in rat, intraperitoneal injection of BDTOO1 was performed
2 h before the morning morphine injection.
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Pain model

Inflammation. The model of complete Freund’s adjuvant (CFA)-
induced pain has been used for assessing chronic inflammatory pain in
rat as described before”. Once CFA-induced hypersensitivity was
established, chronic morphine administration was performed as
described above. For preventive experiments, morphine and BDT001
administration started on the same day for 4 days. For the curative
experiments, chronic morphine was first administered and once
analgesic tolerance and morphine-induced hyperalgesia was estab-
lished, BDTOOI1 treatment was started with the following morphine
injections.

Paw incision models. C57BL/6/) mice were anesthetized under iso-
flurane (3% vol/vol) and the hindpaw was incised as previously
described®. BDTOO1 or vehicle was administered 90 min before the
incision. On D1, a single saline or morphine injection (1.5 mg/kg; i.p.)
was administered and the nociceptive threshold was evaluated
30 min later.

Behavioral analysis

Before testing, rats and mice were acclimatized for 60 min in the
temperature and light-controlled testing room within a plastic cylinder
or on wire mesh. Experimenters were blinded to the genotype or the
drug administered. Since acute active morphine injection induce
motor hyperactivity in mice but not in rats, we chose rats to study
morphine analgesia in details to obtain a better temporal assessment
of the analgesia by repeated (every 30 min) measurements of the
morphine effect.

Tactile sensitivity. Tactile withdrawal threshold was determined in
response to probing of the hindpaw with eight calibrated von Frey
filaments (Stoeling, Wood Dale, IL, USA) in logarithmically spaced
increments ranging from 0.04 to 8 g (4-150 mN). The 50% paw with-
drawal threshold was determined in grams by the Dixon nonpara-
metric test*. The protocol was repeated until three changes in
behavior occurred. This method was used in both rats and mice with
adapted filaments.

Paw pressure test. To assess mechanical sensitivity in rats, a variant
method of the Randall-Selitto method was performed® in which a
continually increasing pressure is applied to the hind paw until the rat
squeaks. The Basile analgesimeter (Apelex, Massy, France; stylus tip
1mm in diameter) was used. To assess morphine analgesia, measure-
ments were performed 30 min after morphine injection and in some
experiments, the time course of morphine analgesia was determined
by measuring nociceptive threshold every 30 min for 2h30 until return
to a basal nociceptive threshold. To assess OIH, basal nociceptive
threshold was assessed once daily before twice daily morphine
administration.

Morphine and BDTOO1 motivational effects. To evaluate morphine
or BDTOO1 motivational effects, a 5 days CPP protocol was set. The
apparatus (Bioseb, France) consists in 2 chambers (size 20 cm x18
cm x 25 cm) distinguished by the texture of the floor and by the wall
patterns connected to each other by a central chamber (size 20 cm x
7 cmx 25 cm). During the first day, all the mice were able to move
freely during 15 min in the whole apparatus. Their moves were recor-
ded with a camera connected to Ethovision software. Mice with a
spontaneous preference up to 75% were removed from the experi-
ment. The next 3 days are the conditioning days. The morning, mice
were restricted for 20 min to one chamber after morphine (1.5 mg/kg)
or BDTOO1 (5 mg/kg) intraperitoneal injection. The afternoon, mice
were again restricted for 20 min to the opposite chamber after vehicle
intraperitoneal injection. Injections were switched off the next day in
order to avoid time dependent conditioning. To evaluate the effects of

BDTO0O01 on morphine-induced motivational effects BDTOO1 or vehicle
was administered in combination with morphine 2 h before morphine
or saline conditioning. The 5th day is the test day. Mice were placed in
the center chamber with free access to all chambers and the time spent
in each chamber was recorded for 15 min. The preference scores were
expressed as the difference between the time spent in the morphine-
and/or BDTOO1-paired chamber and the vehicle-paired chamber.

Morphine side effects. Respiratory depression measurement using
whole body plethysmography ventilatory parameters were recorded
as previously described*’ in conscious C57BL/6 N mice by whole-body
barometric plethysmography (Emka Technologies, Paris, France).
Respiratory frequency (f) was recorded for 100 min and used as the
index of respiratory depression. Accumulated faecal boli quantifica-
tion was performed in C57BL/6) mice". The animals were sub-
cutaneously injected with vehicle or BDTOO1 (5 mg/kg) and 1.5 h later
they received saline or morphine (10 mg/kg) and individually placed
into small Plexiglas boxes lined with filter paper. Faecal boli were
collected and weighed every hour for 5 h after the drug injections.

Physical dependence studies. After induction of chronic tolerance,
withdrawal was precipitated by 1mg/kg naloxone hydrochloride
injection performed 2 h after the last injection of morphine. Mice were
individually placed in small Plexiglas boxes and observed and scored
for 20 min for manifestation of different withdrawal signs, including
jumping, grooming, rearing, forepaw shaking, genital licking and wet-
dog shakes. A global withdrawal score, excluding weight loss, was
calculated®. The sum of all weighted signs produced a global with-
drawal score for each mouse.

Virus transfection

The following oligonucleotides were used to build the AAVGFP-shRNA
plasmids: shFLT3 (GATCGGTGTCGAGCAGTACTCTAAATCAAGAGTT
TAGAGTACTGCTCGACACCTTTTT(top)); AGCTAAAAAGGTGTCGAG-
CAGTACTCTAAACTCTTGATTTAGAGTACTGCTCGACACC(bottom);
Sigma-Aldrich (TRC00000378670); non-targeted sh (GATCCAACAA-
GATGAAGAGCACCAATCAAGAGTTGGTGCTCTTCATCTTGTTGTTTTT
(top)); AGCTAAAAACAACAAGATGAAGAGCACCAACTCTTGATTGGTG
CTCTTCATCTTGTTG (bottom).The oligonucleotides were annealed
and cloned BamHI-Hindlll in a vector containing the U6 promoter
sequence and the hGH polyadenylation sequence upstream and
downstream, respectively, of the BamHI site. The U6-shRNA-hGH
sequences were then cut using Pmll and Hpal and cloned in the pAAV-
CMV-turbo GFP vector (Cell Biolabs Inc.) linearized with Pmll. All the
constructs were checked by DNA sequencing. The viruses were pro-
duced by the Viral Vector Production Unit of Institut de la Vision, Paris,
France. For in vivo experiments, 10 pl of AAV-turbo GFP-sh Flt3 or AAV-
turbo GFP- sh control solution were intrathecally injected in lightly
restrained, unanaesthetized rats, as described above. The titer of the
virus solution was 5.8 x 10> genome copies (gc)/ml.

Adult sensory neuron culture

Neuron cultures were established from lumbar (L4-L6) dorsal root
ganglia®. Briefly, ganglia were successively treated by two incubations
with collagenase A (1 mg/ml, Roche Diagnostic, France) for 45 min each
(37 °C) and trypsin-EDTA (0.25%, Sigma, St Quentin Fallavier, France)
for 30 min. They were mechanically dissociated through the tip of a
fire-polished Pasteur pipette in neurobasal (Life Technologies, Cergy-
Pontoise, France) culture medium supplemented with 10% fetal bovine
serum and DNase (50 U/ml, Sigma). Isolated cells were collected by
centrifugation and suspended in neurobasal culture medium supple-
mented with 2% B27 (Life Technologies), 2 mM glutamine, penicillin/
streptomycin (20 U/ml, 0.2 mg/ml) plated at a density of 2500 neurons
per well in 96-well plates and were incubated in a humidified 95% air-5%
CO2 atmosphere at 37 °C.
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CcAMP activation measurement by cAMP time-resolved

FRET assays

Measurement of cAMP accumulation was performed using the cAMP-
Gi immunoassay kits (Cisbio Bioassays) according to the manu-
facturer’s instructions. Cultured adult sensory neuron cells were tested
at 8 DIV after seeding in a 96-well plate. Briefly, for acute treatment, the
cells at 8DIV, were pretreated with the indicated concentrations of
CTAP (#C6352 - Sigma-Aldrich) for 20 min at 37°C and stimulated
15min at 37°C with 10 uM of morphine (Francopia) in Stimulation
Buffer containing 0.5 mM of IBMX (#17018 - Sigma-Aldrich), prior the
addition of 0.1uM of forskolin (#F6886 - Sigma-Aldrich) during 15 min
at 37 °C. The reaction was stopped by lysis buffer containing HTRF®
assay reagents: the Europium Cryptate-labeled anti-cAMP antibody
and the d2-labeled cAMP. The plate was then incubated for 1 h at room
temperature before reading the fluorescence emission at 620 and
665 nm using a PHERAstar FS plate reader (BMG Labtech). In these
conditions, acute morphine reduced forskolin-stimulated cAMP levels
in DRG primary cultures from Fit3"™ mice and CTAP, a MOR-selective
antagonist, blocked the inhibitory effects of morphine-induced inhi-
bition of cCAMP production by 95.45% + 2.26 (n=11; p < 0.05, one-way
ANOVA followed by Bonferroni’s test for multiple comparisons),
indicating a MOR-dependent mechanism of morphine inhibition.

For chronic treatment, the cells were treated every day with 10 uM
of morphine, 24 h after seeding in a 96-well plate and during seven
days. At 8DIV, the same treatment protocol as that of the acute
treatment was used to determine of the cAMP accumulation in DRG
neurons.

For the measurement of cAMP accumulation in DRG, mice were
treated with the saline buffer or morphine at 10 mg/kg in .P twice a day
during 3 days. The last day, Forskolin (FSK) was administrated at 1.5 pg
intrathecal to stimulate adenylate cyclase. After 30 min, DRG (L1-L6)
were collected, lysed and homogenized in the MagNA Lyser Instru-
ment (Roche; twice for the speed of 6000 for 30s) with ceramic
spheres (Lysing Matrix D, MP Biomedicals, #116913100) in lysis &
detection buffer 8 (64CL8FDD - Cisbio Bioassays) supplemented with
complete protease inhibitor cocktail (Sigma-Aldrich #P8340) and
0.5mM of IBMX (#17018 - Sigma-Aldrich). Then, centrifugation (10
600 g for 15 min at 4 °C) was performed. Supernatants were collected
and cAMP accumulation was measured as described above.

Real-Time qRT-PCR

Fit3"" and FIt3*° mice lumbar (L4-L6) dorsal root ganglia were dis-
sected. RNA was extracted using the RNAqueous-4PCR Kit (Ambion)
according to the manufacturer’s protocol. The Real-Time qRT-PCR
experiment has been described previously”. Sequences of the primer
pairs (Sigma-Aldrich) used are as follows:

Polr2j. F-ACCACACTCTGGGGAACATC, R-CTCGCTGATGAGGTC
TGTGA; NM_011293; Ddx48: F-GGAGTTAGCGGTGCAGATTC, R-AGC
ATCTTGATAGCCCGTGT; NM_138669; Flt3: F- ATCCCCAGAAGACCT
CCAGT, R- CTGGGTCTCTGTCACGTTCA; NM_010229.2; OprmI: F- AC
AGGCAGGGGTCCATAGAT, R- AATACAGCCACGACCACCAG; NM_O
01304948.1

Calcium imaging on cultured DRG neurons

For calcium imaging video microscopy [Ca*]i fluorescence imaging,
DRG neurons were loaded with fluorescent dye 2.5uM Fura-2 AM
(Invitrogen, Carlsbad, CA) for 30 min at 37°C in standard external
solution contained: 145 mM NacCl, 5 mM KCl, 2 mM CacCl,, 2 mM MgCl,,
10 mM HEPES, 10 mM glucose (pH adjusted to 7.4 with NaOH and
osmolarity between 300 and 310 mOsm). The coverslips were placed
on a stage of Zeiss Axiovert 200 inverted microscope (Zeiss,
Miinchen). Observations were made at room temperature (20-23 °C)
with a 20X UApo/340 objective. Fluorescence intensity at 505 nm with
excitation at 340 nm and 380 nm were captured as digital images
(sampling rates of 0.1-2s). Regions of interest were identified within

the soma from which quantitative measurements were made by re-
analysis of stored image sequences using MetaFluor Ratio Imaging
software. [Ca*]i was determined by ratiometric method of Fura-2
fluorescence from calibration of series of buffered Ca®* standards.
Neurons were distinguished from non-neuronal cells by applying
50 mM KCI (HiK"), which induced a rapid increase of [Ca*']i only in
neurons. Only neurons with resting 340/380 fluorescence intensity
ratio of 0.25-0.75 were included. We selected primary sensory neurons
with small diameters which are known to be nociceptors and to con-
tain MOR-expressing nociceptor subpopulation. Pulses of (50 mM)
were applied at around 2 min-intervals and DAMGO (10 uM) was added
after the third pulse. After DAMGO application, another HiK* stimuli
was done to demonstrate recovery of the drug. All drugs and solutions
were applied with a gravity-driven perfusion system. For chronic
treatment, the cells were incubated either morphine (10 uM) or mor-
phine and BDTOO1 (1uM) during at least 72h, with the solution
renewed twice a day. For data analysis, amplitudes of [Ca®']i increases,
AF/Fmax, caused by stimulation of neurons with HiK* were measured
by subtracting the ‘baseline’ F/Fmax (mean for 30 s prior to HiK" per-
fusion) from the peak F/Fmax achieved on exposure to HiK". In the
absence of any treatment, the distribution of these ratios was well
fitted by a normal distribution. The DAMGO- induced [Ca*']l transient
were expressed as a percentage of the average peak produced by the
two previous HiK" stimuli. To avoid variations, control and drug
treatment values were collected from the same cell. Data were col-
lected from at least three different preparations.

Immunohistochemistry

Mice were transcardially perfused with PBS for all experiments DRG
(L4-L6), spinal cord (lumbar segment), were collected and post-fixed in
4% paraformaldehyde between 10 min and 2h depending on the
antibody and tissue before being cryoprotected in 30% sucrose in PBS.
Tissues were then frozen in O.C.T (Sakura Finetek). Sections (12 pm)
were prepared using the Cryostat Leica CM2800E. For immunostain-
ing, frozen sections were blocked and permeabilized in Ca*’Mg?**-free
PBS (PBS 1x —/-) containing 10% donkey serum and 0.1% or 0.3% Triton
x-100 during 30 min. The sections were then incubated with primary
antibodies, at 4 °C overnight in PBS 1x —/- containing 1% donkey serum
and 0.1%, 0.01, or 0.03% Triton x-100. After extensive wash in PBS 1x
—/- (3 times for 10 min minimum each) sections were incubated with
appropriate secondary antibody, in the same buffer as the primary
antibodies, at room temperature for 1 h and then washing (three times
for 15 min each) before mounting with Mowiol. Images were acquired
under a Zeiss slide scanner Axio Scan Z.1 for quantification and under
Zeiss LSM 700 Confocal microscope for illustration with ZEN software
(Carl Zeiss Microscopy). The following primary antibodies were
employed: anti-CGRP Abcam ab36001 (goat 1:1000), anti-GFAP Abcam
ab4674 (chicken 1:1000), anti-Ibal Wako (rabbit 1:500). The following
secondary antibodies were used anti-rabbit AlexaFluor 555/488/647
(donkey 1:1000), anti-goat AlexaFluor 488 (donkey 1:1000) from Life
Technologies.

The quantification of CGRP immunostaining in DRG neurons was
realized by counting the number of cells expressing CGRP. Ratio with
total neuron number was done in different conditions, and results
were expressed in mean of obtained ratios (+SEM) and statistical
significance was determined by variance analysis (ANOVA one-way)
followed by Bonferroni post-hoc test. The number of neurons
expressing the various molecular markers of sensory neurons (sub-
types) was determined by counting cells with NeuN immunostaining. A
minimum of six sections from lumbar DRG were counted from at least
6 animals for each genotype. For Ibal, GFAP and CGRP the quantifi-
cation was assessed by determining staining surface among spinal
cord dorsal horns with ImageJ software, after setting a density
threshold above background. Results were shown in mean (+SEM)
and statistical significance was determined by variance analysis
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(ANOVA one-way) followed by Bonferroni post-hoc test. A minimum of
5 sections of dorsal horn were quantified from at least 4 animals per
condition.

In situ hybridization

Slides containing DRG sections (12 um) were originally imaged for
endogenous mCherry fluorescence and then submitted to in situ
hybridization®. Briefly, sense and antisense digoxigenin (DIG)-
labeled RNA probes were generated from a mouse Flt3 cDNA clone
(IRAMp995N1310Q, Genome-CUBE Source Bioscience) in a 20 pl
reaction containing 1 ug of linearized plasmid (digested with HindllIl
and Nhel, respectively) using the DIG RNA labelling mix (Roche
Diagnostics) and T7 and Sp6 RNA polymerases respectively (Pro-
mega) following the manufacturer’s instructions. DIG-labeled RNA
probes were purified on MicroSpin G50 columns (GE Healthcare).
L4-L6 lumbar dorsal root ganglia were dissected in phosphate-
buffered saline (PBS), and fixed for 1 and 3 h, respectively, in 4%
paraformaldehyde (PFA) at room temperature. Tissues were rinsed
twice in PBS before immersion overnight in 25% sucrose/PBS at 4 °C.
Slides were imaged in bright field. Image acquisition was done using a
Hamamatsu NanoZoomer using NDP view software. The photo-
graphs were then taken for comparison with those showing the
mCherry results on the same sections. The mCherry signals were
converted into pseudo-red and the Flt3 probes signals into pseudo-
green fluorescent color. The pseudo-red fluorescent images were
then carefully overlaid with pseudo-green fluorescent images. This
sequential approach permits unequivocal identification of coex-
pression at the single cell level. Finally, neurons positive for each or
both channels were manually counted.

Skin nerve preparation and ex vivo electrophysiological
recordings

The in vitro glabrous skin-nerve preparation used was adapted from
Zimmermann et al. *> and described in Hao et al. **. Briefly, adult male
mice were euthanatized using an overdose of isoflurane (Piramal, UK)
followed by a method of confirmation of euthanasia. The saphenous
nerve and the skin of the hind limb were carefully dissected and
placed in a custom-designed organ chamber (INT-CFMN, Aix-
Marseille University, Marseille, France) containing warm oxyge-
nated Synthetic Interstitial Fluid (SIF buffer; 30.5 °C). The SIF buffer
had the following composition (in mM):120 NaCl, 3.5KCl, 0.7 MgSO,,
1.7 NaH,PO,, 5 Na,HCOs, 2 CaCl,, 9.5 Na-Gluconate, 5.5 glucose,
7.5 sucrose, and 10 HEPES. The pH was set to 7.4 and the osmolarity
was maintained at 300 mOsmy/L. The skin was placed with the corium
side up in the organ bath and the saphenous nerve was placed in an
adjacent recording chamber filled with mineral oil. The skin was
continuously superfused with oxygenated SIF buffer at a tempera-
ture of 30.5°C controlled with a CL-100 temperature controller
(Warner Instrument, Harvard apparatus, USA). The saphenous nerve
was kept in a recording chamber filled with mineral oil, gently teased,
and groups of nerve fibers were placed on the gold recording elec-
trode in order to isolate single-unit activity. Then, extracellular action
potentials from single nerve fibers were recorded with an AC differ-
ential amplifier DAM 80 (WPI) and converted digitally using the CED
Spike2 system (sampling rate of 20 kHz; Cambridge Electronic
Design, UK). Spikes were discriminated off-line with the
Spike2 software (Cambridge Electronic Design Limited, UK) and
analyzed individually to avoid false positives. Mechanical-threshold
of single saphenous nerve fiber was obtained by probing the skin flap
with von Frey hairs (Friedrich-Alexander University, Erlanger, Ger-
many). Nociceptors were probed for their high threshold (>16 mN)
and tonic discharges during long lasting mechanical stimulation.
Low-threshold mechanoreceptors (potential non nociceptors) were
defined as having mechanical threshold below 5.7 mN and rapidly or
slow adapting discharges. Once a fiber has been characterized, a

single 10 s-supraliminar mechanical stimulation of the receptive field
was applied using a von Frey filament mounted on the arm of a
computer-controlled piezoelectric stepper (Pl E-861 Nexact® con-
troller; Germany). The post-discharge (or afterdischarge) was
defined as a prolonged activity occurring within a 5 min-period after
the end of the mechanical stimulus. Ratio of firing rates determined
Smin after the stimulus (post-discharge) and 5min before the sti-
mulus was used to analyze the post-discharge.

Slices preparation, electrophysiological recordings and
stimulation

Adult male mice (3 to 6 weeks) were euthanatized with an intraper-
itoneal (i.p.) overdose of chloral hydrate (7 %). After alaminectomy, the
thoraco-lumbar (T11-L3) spinal cord were removed and placed into an
ice-cold sucrose-based saline solution containing the following (in
mM): 2 KCI, 0.5 CaCl,, 7 MgCl,, 1.15 NaH,PO,, 26 NaHCO3, 11 glucose,
and 205 sucrose bubbled with 95% O,, 5% CO,. Transverse slices (550
pm thick) with attached dorsal roots obtained using a vibratome
(VT1200 S, Leica Microsystémes SAS, France) were incubated at 37 °C
in artificial cerebro-spinal fluid solution containing (in mM): 130 NaCl,
3 KCl, 2.5 CaCl,, 1.3 MgS0,, 0.6 NaH,PO,4, 25 NaHCO;, 10 glucose (pH
7.4) and bubbled with 95 % O, and 5 % CO,. After a 40 min recovery
period, electrophysiological recordings were performed. Substantia
gelatinosa neurons were visualized in spinal cord slices using an
upright microscope fitted with fluorescence optics (AxioExaminer,
Carl Zeiss, Germany) and linked to a digital camera QIlmaging Exi Aqua
(Czech Republic). The lamina Il was divided into outer (llo) and inner
(Ili) equal parts from the dorsal to ventral boundaries. Recorded
lamina 1 and llo interneurons were visualized using a 63x water
immersion objective lens with combined infrared and differential
interference. Patch pipettes (6-8 MQ resistance) made from bor-
osilicate glass (1.5 mm O.D; PG150T-15; Harvard Apparatus, UK) were
filled with an internal solution containing (in mM): 127 K-gluconate, 4
NaCl, 2MgCl,, 10 HEPES, 0.5 EGTA, 2.5 Na,ATP, 0.5 Na,GTP, 0.05%
neurobiotin  (Vector Laboratories), 0.01% dextran tetra-
methylrhodamine (10,000 MW, fluoro-ruby, Life technologies), pH 7.4
and osmolarity 290-300 mOsm. Whole-cell patch-clamp recordings
were performed using Clampex 10 software connected to a Multi-
clamp 700B amplifier via a Digidata 1440 A digitizer (Molecular Devi-
ces, Sunnyvale, CA, USA). The sampling rate was 10 kHz, and the data
were filtered at 3 kHz. Series resistance was monitored throughout the
experiments and data were discarded if series resistance varied more
than + 20 MQ. In voltage-clamp mode, neurons were clamped at
-65mV and evoked-postsynaptic currents (eEPSCs) were obtained by
stimulating (5 pulses, 0.1 ms, 0.05 Hz, 500 pA) the dorsal root attached
with a suction electrode. Monosynaptic eEPSC were determined based
on three criteria: constant short latency, a smooth waveform with a
jitter up to 2 ms and consistent responses without failure to repeated
stimuli**,

Statistical analysis

All experiments were randomized. All experiments involving animal
behavior were randomized into groups that result in equal sample
sizes. Briefly, baseline values were averaged and classified in ascending
order. Animals were then successively assigned to a different experi-
mental group. Data are expressed as the mean + SEM. All sample sizes
were chosen based on our previous studies except for animal studies
for which sample size has been estimated via a power analysis using the
G-power software. The power of all target values was 80% with an alpha
level of 0.05 to detect a difference of 50%. Statistical significance was
determined by analysis of variance (ANOVA one-way or two-way for
repeated measures, over time), followed by Bonferonni’s post-hoc test
for multiple comparisons or uncorrected Fisher’s LSD. Statistical ana-
lyses included also mixed-effects model (REML) followed by Bonfer-
roni’s test for multiple comparisons, the Kruskal-Wallis test followed
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by Dunnett’s test for multiple comparisons to a control group. To
quantitatively evaluate morphine analgesic tolerance (MIT), the %
maximal possible effect (%¥MPE) was evaluated by normalization of
nociceptive threshold values during analgesia on Randall-Selitto cut-
off value, as following: [(nociceptive threshold value 30’ after mor-
phine injection) - (basal nociceptive threshold)] + [(cut-off value) -
(basal nociceptive threshold)]. To quantitatively evaluate morphine
analgesia, the area under the curve (AUC) was determined as following.
The surface areas were calculated by summing the nociceptive
threshold values measured every day after the planned day of
experimentation, as follows: Surface area = X (nociceptive threshold
values at H + n) — basal value x n, where n is the number of intervals.
This total value is proportional to the surface area because the inter-
vals between successive tests were similar (30 min). The results were
expressed as a mean percentage ( + SEM) of the reference AUC defined
as the AUC calculated in morphine group alone (100% = AUC of mor-
phine group). In this representation with unpaired data and without
repeated measures, Mann-Whitney tests were performed to evaluate
results statistical significance. To determine EC50 of morphine in
presence of Vehicle or BDT0O1, a sigmoidal dose-response curve was
generated with GraphPad Prism software (GraphPad Software, Inc.,
San Diego, USA) based on AUC raw data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
paper and its supplementary information. Source data are provided
with this paper.
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