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ARTICLE INFO ABSTRACT

Handling Editor: Bruno Frenguelli Cannabidiol has been shown to ameliorate neuropathic pain and its affective components. Previous studies
highlighted the pharmacological interaction between the CBD and opioid system, particularly the MOR, but the

Keywords: understanding of the interaction between CBD and kappa opioid receptor (KOR), physiologically stimulated by

Cannabidiol

the endogenous opioid dynorphin, remains elusive. We assessed the pharmacological interactions between CBD
and nor-BNI, a selective KOR antagonist in a rat neuropathic pain model. We show an increase in dynorphin
peptide and its KOR receptors in the hippocampus’ dentate gyrus (DG) of neuropathic rats showing allodynia,
and memory deficits. Consistent with these findings, neuropathic pain was associated with long-term potentia-
tion (LTP) impairment in the entorhinal cortex-DG, also referred to as the lateral perforant pathway (LPP).
Moreover, a downregulation of the endocannabinoid 2-AG and an upregulation of the cannabinoid CB1 receptors
in the DG were detected in neuropathic pain animals. Either an acute KOR antagonist administration or one-week
CBD treatment normalized dynorphin levels and improved affective symptoms, LTP and receptor expression,
whereas only CBD showed an anti-allodynic effect. In addition, CBD normalized the SNI-induced changes in
neuroplasticity as well as endocannabinoid and GABA levels in the DG. Noteworthy, the acute blockade of the
KOR carried out after CBD repeated administration causes the re-installment of some neuropathic condition
symptoms.

As a whole, these original results indicate a critical relationship between the adaptive changes in the hip-
pocampus produced by CBD and the need to maintain the recovered physiological dynorphin tone to preserve the
therapeutic effect of CBD in neuropathic rats.

Neuropathic pain
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1. Introduction

Cannabidiol (CBD) is a major non-psychoactive constituent of
Cannabis Sativa with therapeutic properties in Central Nervous System
(CNS) disorders, including chronic pain (Leinen et al., 2023). It has been
shown to elicit antioxidant, anti-inflammatory and analgesic effects in
preclinical animal models through a pleiotropic mechanism (Izzo et al.,
2009). A multitude of biological targets in the brain, such as channels
and neurotransmitters, have been proposed as potential molecular
pathways (Mannucci et al., 2017; Saviano et al., 2021). In fact, CBD has
been shown to exert a partial antagonistic or inverse agonistic activity at
cannabinoid receptor types 1 (CB1R) and 2 (CB2R), although it displays
a low affinity for these receptors compared to other cannabinoid com-
pounds (De Gregorio et al., 2019; Malvestio et al., 2021).

Dynorphin, an endogenous ligand at the kappa opioid receptor
(KOR), has been recently demonstrated to promote aversiveness of
chronic neuropathic pain (Navratilova E. et al., 2019; Caputi et al.,
2019) Additionally, KOR signaling promotes the loss of descending
control of nociception in rodent models of chronic pain (Nation et al.,
2018) suggesting that KOR antagonism may be useful in targeting cog-
nitive/affective comorbidities of chronic pain. The existence of func-
tional interaction between cannabinoid and opioid systems has been
suggested in several conditions, including pain control (Desroches and
Beaulieu, 2010; Ross et al., 2023; Pearl-Dowler et al., 2023). Opioids and
cannabinoids bind inhibitory G protein-coupled receptors which are
widely expressed within the neural antinociceptive pathways (Welch,
2009). Nevertheless, the singular stimulation of opioid or cannabinoid
receptors leads to the analgesia, due the overlapping anatomical dis-
tribution and the similar intracellular signalling pathways, the bidirec-
tional functional interaction, as well as, additive or synergistic effects
have been proposed (Massotte, 2015; Scavone et al., 2013). Molecular
interactions between receptors have been shown with colocalization or
heterodimerization mainly for CB1 and delta or mu opioid receptors
within the spinal cord, striatum, or locus coeruleus (Massotte, 2015;
Scavone et al.,, 2013). Combination of delta-9-tetrahydrocannabinol
(THC) and morphine has been shown to produce antinociception as a
result of CB1 receptor-mediated release of endogenous opioid peptides
(Cichewicz, 2004). In another study, the antinociceptive effects of THC,
which show a mixed ability to activate both CB1 and CB2 receptors,
have been attenuated by the kappa opioid receptor (KOR) antagonist,
norbinaltorphimine, in arthritic rats (Cox and Welch, 2004). However,
the mechanism concerning the interaction of the CBD with the KOR
remains elusive.

Employing a multidisciplinary approach spanning from behavioral
pharmacology, electrophysiology, morphology and neurochemical
analysis, here we assessed the contribution of the opioid system in the
ability of CBD to exert an analgesic effect and to revert the cognitive
impairments induced by the neuropathic pain condition. To this end, we
used the spared nerve injury (SNI) model which reproduces pain and
related comorbidities by mimicking human experience (Guida et al.,
2020, 2022). Hence, we analysed functional alterations accompanying
pain symptoms by recording within the entorhinal cortex (LEC)-dentate
gyrus (DG) pathway, as a key circuit controlling both sensorial and
cognitive functioning. We hypothesized that an SNI-mediated increase
in dynorphin levels may participate in pain-related symptoms. Thus, the
involvement of KOR was investigated by injecting the
nor-binaltorphimine (nor-BNI) alone or in the presence of CBD.

This study elucidates the functional interaction of opioids and can-
nabinoids in pain and associated maladaptive behaviours, thus
providing a new picture of the cross-talk of these systems.

2. Materials and methods
2.1. Animals

Male Wistar rats weighing between 270 and 280 g (8-9-week-old)
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were sourced from Envigo in Italy. Animals were housed in groups of
2-3 per cage, maintained under controlled lighting conditions (12-h
light: dark cycle with lights on at 06:00) and standard environmental
parameters (room temperature maintained at 22 £ 1 °C, humidity at 60
+ 10%) for a minimum of one week before commencing the experi-
ments. The rats had access to rat chow and tap water ad libitum. All
experimental procedures were ethically approved by the Animal Ethics
Committee of the University of Campania “Luigi Vanvitelli” and con-
ducted in accordance with Italian Legislative Decree (D.L. 116/92) and
European Commission Directive (O.J. of E.C. L358/1, 18/12/86) regu-
lations governing the protection of laboratory animals (Protocol N° 89/
2023-PR). Stringent efforts were undertaken to minimize animal
discomfort and reduce the total number of animals used.

2.2. Spared nerve injury model

The neuropathic pain model known as spared nerve injury (SNI) was
implemented following the procedure outlined by Decosterd and Woolf
(2000). Rats were anesthetized using isoflurane (induction 4 %, main-
tenance 1.5 % in oxygen) and the sciatic nerve was exposed at its
trifurcation into the sural, tibial, and common peroneal nerves. The
tibial and common peroneal nerves were tightly ligated with 5.0 silk
thread and then transected just distal to the ligation site, while the sural
nerve remained intact. Sham-operated rats underwent anesthesia and
exposure of the sciatic nerve at the same level, without ligation. The SNI
model is recognized for its consistent induction of neuropathic pain,
characterized by alterations in neuronal firing patterns at both spinal
and supraspinal levels (Boccella et al., 2015; Palazzo et al., 2013), as
well as deficits in affective and cognitive behavior akin to advanced
neuropathy in humans (Rahn et al., 2013). Mechanical hypersensitivity
typically manifests four days post-surgery and stabilizes between seven
to ten days post-surgery (Decosterd and Woolf, 2000).

2.3. Mechanical allodynia

The von Frey test apparatus (Ugo Basile, Italy) was utilized to mea-
sure the nociceptive threshold to mechanical stimuli. This apparatus
employs a series of nylon monofilaments with varying thicknesses, each
exerting different levels of force when applied to the glabrous area of the
paw. Through this method, researchers can determine the force required
to elicit paw withdrawal responses (Meunier et al., 2005; Ren and
Dubner, 1999). Rats were individually placed in acrylic boxes measuring
23 x 20 x 18 cm, positioned on a non-malleable 5 mm? steel mesh table.
This setup allowed stimulation to be delivered through the mesh using
the tip of a von Frey test rod, targeting the center of the plantar surface
of the hind paw of each rat until a withdrawal response was observed.
Prior to testing, rats underwent a habituation period lasting 15-30 min
in the experimental environment to minimize stress-related behaviors.
Stimulation was applied to the glabrous surfaces of both hind paws, both
ipsilateral and contralateral to the chronic lesion of the sciatic nerve.

2.4. Novel object recognition (NOR) test

The NOR test was performed as previously described (Tucci et al.,
2014). Briefly, the experimental protocol includes a training and a test
trial that were interspersed by a 24-h intersession period. In the training
trial (T1), animals received a 10-min exposure to two identical objects
placed in the centre of the experimental arena. Then, during the test
phase (T2, 10 min), one of the familiar objects (F) was substituted with a
novel differently designed object (N), without changing the configura-
tion in the arena. Throughout the experimental procedure, objects and
their relative position were counterbalanced and randomly permuted.
After each trial, arena and objects were cleaned with a 50% ethanol
solution and dried to avoid the presence of olfactory cues. The
discrimination index was evaluated and graphically presented in results,
expressed as ratio between the difference in time spent exploring the
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novel object (Tn-Tf) over the total amount of exploration time (DI =
Tn-Tf/Tn + Tf).

2.5. In vivo recording of hippocampal long-term potentiation (LTP)

Rats were first anesthetized with urethane (1.5 g/kg, i.p.) and fixed
in a stereotaxic table (Stoelting Co USA) for inserting the stimulating and
the recording electrodes in the lateral entorhinal cortex (LEC) and
dentate gyrus (DG), respectively, following the coordinates from Pax-
inos and Watson atlas brain: [AP = -7.2 from bregma, ML = 4.0 and DV
= 2.3 mm for LEC] and [AP = —3.5 mm from bregma, ML = 2.25 and
DV = 2.5 mm for DG]. The stimulating and recording electrodes were
slowly lowered at the selected positions until a field excitatory post-
synaptic potential (fEPSP) appeared, induced by test pulses (0.2 ms in
duration) delivered at the frequency of 0.033 Hz. After those responses
stabilized, a 30 min stable baseline was recorded. Following baseline
recording, a high frequency stimulation (TBS) consisting of 6 trains, 6
bursts, 6 pulses a 400 Hz, interburst interval: 200 ms, intertrain interval:
20 s, was applied to LEC for the induction of LTP, as shown in the
graphical representation in Fig. 1D. After TBS, the recording of the
baseline fEPSPs continued for 90 min. The induction of LTP was suc-
cessful if the amplitude and the slope of fEPSPs increased more than 20%
for at least 30 min after the TBS (2, 3). To obtain fEPSP slope values, the
region of interest was set from peak-to-peak and the software (WinLTP

C

\SNI surgery
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2.30, Bristo, UK), calculated the average slope within 10-90% of this
region.

2.6. In vivo microdialysis

Microdialysis experiments were conducted in conscious, freely
moving rats. Initially, rats were anesthetized with a combination of
ketamine (50 mg/kg) and medetomidine (2 mg/kg) administered
intraperitoneally (i.p.). Subsequently, they were stereotaxically
implanted with concentric microdialysis probes targeting the Dentate
Gyrus (DG) at the following coordinates: AP: 4.1 mm from bregma, ML:
1.5 mm from midline, and DV: 3.5 mm below the dura mater
(Zamberletti et al., 2017). The dialysis probes were constructed using 25
G stainless steel tubing (0.3 mm inner diameter, 0.5 mm outer diameter)
from A-M Systems, Sequim, WA, with inlet and outlet cannulae (0.04
mm inner diameter, 0.14 mm outer diameter) made of fused silica
tubing (Scientific Glass Engineering) coated with a dialysis membrane
(Enka AG, Wuppertal, Germany). Following a 24-h recovery period,
dialysis commenced by perfusing the implants with artificial cerebro-
spinal fluid (ACSF) containing NaCl (147 mM), CaCl2 (2.2 mM), and KCl
(4 mM) at a rate of 1 pL/min using a Harvard Apparatus infusion pump.
After a 60-min equilibration period, baseline dialysate samples were
collected in 30-min intervals over 7 consecutive sessions. Subsequently,
Norbinaltorphimine (nor-BNI) was injected intraperitoneally (i.p.), and
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Fig. 1. Effect of CBD or nor-BNI on pain and, cognitive functioning in SNI rats “A” shows the paw withdrawal threshold (grams) in the Von Frey test, “B” shows
the discriminative ability indicated by the detection index in the 1h probe test in the Novel Object Recognition, in Sham and SNI rats. P value of <0.05 was
considered statistically significant. Each dot indicates a single rat. Each column indicates mean + SEM.

Data were analysed by One-way or Two-way ANOVA followed by Tukey’s multiple comparisons test. *, ** and *** indicate p < 0.05, p < 0.01 and p < 0.0001 vs
respective control group. “C” shows the experimental timeline of LTP recordings and “D” represents the schematic diagram of in vivo recordings of long-term
potentiation in LEC-DG pathway showing the position of the stimulating (lateral entorhinal cortex, LEC) and recording (dentate gyrus, DG) electrodes and the
theta burst stimulation protocol (TBS) to evoke LTP in DG, consisted of 6 trains, 6 bursts, 6 pulses at 400 Hz, interburst interval: 200 ms, intertrain interval: 20 s “E”
shows representative traces of a single evoked field excitatory postsynaptic potentials (fEPSP) recorded in DG before and after TBS protocol (black arrow). “F” shows
the time-dependent changes in the fEPSP amplitude after TBS protocol application. Data plotted as % amplitude from baseline (pre-TBS). Data points represent
averaged slope (mean + SEM) after TBS induction, normalized with respect to baseline values (pre-TBS). “G” shows a bar histogram of amplitude data averaged
30-60 min after TBS and normalized respect to the baseline (mean + SEM). “H” shows data points representing averaged slope (mean + SEM) after TBS induction,
normalized with respect to baseline values (pre-TBS). “I” shows a bar histogram of slope data averaged 30-60 min after TBS and normalized respect to the baseline
(mean + SEM). * and ** indicate p < 0.05 and p < 0.01, respectively, vs pre-TBS (-30-0 min).
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another 7 consecutive 30-min dialysate samples were collected to record
the post-injection effects of the drug. Upon completion of the experi-
ments, rats underwent transcardial perfusion with saline (0.9%) fol-
lowed by paraformaldehyde. The brains were then extracted, fixed in a
10% formaldehyde solution for 2 days, and sectioned into 40-mm thick
slices. Probe locations were verified under a light microscope.

Dialysate samples were subjected to analysis via high-performance
liquid chromatography (HPLC). The HPLC system comprised a Varian
ternary pump (mod. 9010), a C18 reverse-phase column (Supelco Dis-
covery, 5 pm particle size, L x L.D. 25 cm x 4.6 mm), and a Varian
fluorimetric detector. Prior to injection, dialysates were derivatized with
opthaldialdehyde-N-acetylcysteine (OPA-NAC solution: 10 pL of dialy-
sate, 5 pL of OPA-NAC, and 10 pL of 10% borate buffer) and manually
injected using a microsyringe (Hamilton 702 RN). Amino acid conju-
gates were separated using a gradient separation method, with the
mobile phase consisting of two components: (1) 0.2 M sodium phosphate
buffer and 0.1 M citric acid (pH 5.8), and (2) 90% acetonitrile and 10%
distilled water. The gradient composition was determined using Gilson
gradient management software installed on an Apple microcomputer.
Data were collected using a Dell Corporation PC system 310 interfaced
to the detector through a Drew data collection unit. The mean dialysate
concentration of amino acids in the 6 samples represented the basal
release. The neurotransmitter content was expressed as the mean + S.E.
M. in pmol/10 pL of dialysate(Ferrara et al., 2019).

2.7. Endocannabinoids levels measurements

Samples (~50 pl) were sonicated and extracted with chloroform/
methanol (2:1, vol/vol) containing internal standards for AEA, 2AG,
PEA and OFA ([2H]g AEA 5 pmol; [2H]s 2AG, [2H],4 PEA, [2H], OEA 50
pmol each). The lipid-containing organic phase was dried down,
weighed, and dissolved in 100 pl of methanol for eCB and related mol-
ecules a quantification by LC-APCI-MS (LCMS-2020, Shimadzu) as pre-
viously reported (Ferrara et al., 2019; Piscitelli et al., 2020; Zamberletti
et al., 2017).

2.8. Dynorphin enzyme-linked immunosorbent assay (ELISA)

Dynorphin peptide levels were measured in sham and SNI rat’s
ventral hippocampus fresh tissue (N = 8-10/group) collected at the end
of in vivo analysis, by using Rat Dyn ELISA Kit (CSB-E13294r, Cusabio),
according to the manufacturer’s instructions. The obtained absorbance
values were initially calculated as pg/mL, using a standard curve that
was assayed in parallel to the test samples, and then converted into pg/
ug of protein (Lorente et al., 2024).

2.9. Immunofluorescence analysis

2.9.1. Brain perfusion and tissue processing

Animals were anesthetized with urethane (1.5 g/kg) administered
intraperitoneally (i.p.). Afterwards, animals were perfused trans-
cardially with physiological saline and subsequently with 4% para-
formaldehyde, pH 7.4. Brains were removed, post-fixed for 3 h and after
cryoprotected with 30% sucrose in PB. Rat brains were sectioned coro-
nally with Leica CM3050S freezing cryostat into 10 pm-thick. The sec-
tions were collected in three alternate series and maintained frozen until
being processed for immunofluorescence.

2.9.2. Immunofluorescence-labelling

Brain sections of rat hippocampus were treated with PB-Triton 0.3%
(PB-T) for 1 h at room temperature (RT) in a humidified chamber, fol-
lowed by overnight incubation in a mixture of primary antibodies goat
anti-KOR1 (1:100; code no. SAB2501442; Sigma-Aldrich, USA),rabbit
anti-VGLUT1 (1:500; code no. 135303; Synaptic Systems, Germany) or
guinea pig anti-VGLUT1 (1:200; code no. 135 304; Synaptic Systems,
Germany), rabbit anti-VGAT (1:500; code no. 131003; Synaptic

Neuropharmacology 266 (2025) 110265

Systems, Germany) or guinea pig anti-VGAT (1:200, code no. 131 004;
Synaptic Systems, Germany), rabbit anti-CB1 (1:500; code no. ab23703;
Abcam, Canada). Immunoreactivity was detected using a specific and
appropriate mixture of secondary anti-IgGs antibodies (Invitrogen,
ThermoFisher Scientific, France) Alexa-594 donkey anti-goat (A11058,
1:50), Alexa-488 donkey anti-rabbit (A21206, 1:250), Alexa-594 goat
anti-rabbit (A11010,1:250), Alexa-488 goat anti-guinea pig
(A11073,1:100), Alexa-594 donkey anti-rabbit (A21207,1:250) and
Alexa-488 donkey anti-goat (A11055, 1:250). The sections were then
counterstained with DAPI (4’,6-diamidino-2-phenylindole) (Sigma-
Aldrich, USA) and cover slipped with aqueous mounting medium
Aquatex (Merck, Darmstadt, Germany). Controls of specificity of
immunolabeling in multiple fluorescence were performed by omission
of primary and/or secondary antibodies or by preadsorbtion of primary
antibodies with the respective blocking peptides. The immunostained
sections were observed with a confocal microscopy Nikon Eclipse Ti2
(Nikon, Japan) equipped with an x-y-z motorized stage, a digital camera
DS-Qi2. Digital images were acquired using the x 10— x 20 objectives.
The brain regions of interest were identified by referencing the Paxinos
& Watson rat brain atlas.

2.9.3. Quantification

Quantitative assessment of immunolabeling was conducted by
collapsing serial Z plane images into a two-dimensional image (n < 30
planes with an increment of 0.5 pm). The percentage of KOR1, VGLUT,
VGAT and CB1 immunolabeled areas, was quantified with respect to the
anterior—posterior extent of the DG area in a series of 10 pm coronal
sections spaced 30 pm apart (1:3 as the frequency of section sampling for
immunohistochemistry) collected starting from Bregma —3.30 mm up to
Bregma —4.30 mm, through 1 mm?® rostrocaudal extension from the
hilus bifurcation. To evaluate multiple markers co-localization a Man-
ders’ Colocalization Coefficients (MCC) analysis was performed using
the ImageJ J ACoP plug-in, describing the contribution from two
selected channels to the pixels of interest by providing measures of the
fraction of total probe fluorescence that colocalizes with the fluores-
cence of a second probe (Dunn et al., 2011). Data collection was ran-
domized across all experiments, and experimenters remained blinded by
imaging and data analysis.

2.10. Study design

A total number of 78 animals was analysed and they were randomly
divided in the following experimental groups.

A. Sham/Veh that received intraperitoneal injection of vehicle for 7
days starting from 7 days post-surgery

B. Sham/CBD that received intraperitoneal injection of CBD (5 mg/kg)
for 7 days starting from 7 days post-surgery

C. SNI/Veh that received intraperitoneal injection of vehicle for 7 days
starting from 7 days post-SNI

D. SNI/nor-BNI that received a single subcutaneous injection of Nor-
Binaltorphimine (10 mg/kg) on the day of the experiment

E. SNI/CBD that received intraperitoneal injection of CBD (5 mg/kg)
for 7 days starting from 7 days post-SNI

F. SNI/CBD + nor-BNI that received a single subcutaneous injection of
Nor-Binaltorphimine (10 mg/kg) 7 days after CBD, on the day of the
experiment

In vivo evaluations (mechanical allodynia, novel object recognition
test, LTP and microdialysis) were performed fourteen days post-surgery,
in both sham-operated and SNI rats. At the end of in vivo observation,
animals were euthanized, and tissues were collected for biochemical and
immunofluorescence analysis.
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2.11. Drugs

Cannabidiol (CBD) (Sigma-Aldrich), Nor-Binaltorphimine (nor-BNI)
(cat. No. N1771) and the vehicle solution (DMSO, water 1:9) (cat. No.
D2650) were purchased from Sigma-Aldrich. CBD (5 mg/kg) and the
vehicle were administered intraperitoneally for 7 days starting from 7
days after SNI induction. Conversely, nor-BNI (10 mg/kg) was admin-
istered subcutaneously, 1 h prior to conducting in vivo evaluations. CBD
and nor-BNI doses and the treatment schedule were selected based on
previous evidence on their efficacy in preclinical model of neuropathic
pain (De Gregorio et al., 2019; Mei Xu et al., 2004).

2.12. Statistical analysis

Statistical analysis was performed by using GraphPad Prism 8
(GraphPad Software, La Jolla, CA, USA). Normality was evaluated using
Shapiro-Wilk’s test. Behavioural datasets with normal distribution were
analysed for significance using a two-way ANOVA for repeated measures
followed by Tukey’s multiple comparisons test post hoc test for com-
parisons between groups or one-way ANOVA followed by Tukey’s
multiple comparison post hoc test for multiple comparisons within
groups.

Biochemical datasets were statistically analysed using one-way
ANOVA followed by Tukey’s multiple comparison test.

For immunofluorescence statistical analyses, normality of data dis-
tribution was assessed using the Kolmogorov-Smirnov or Shapiro-Wilk
test, and equality of variance was confirmed using the F-test. Data from
multiple groups were analysed by one-way ANOVA and two-way
ANOVA (Brown-Forsythe and Welch ANOVA test), followed by Dun-
nett’s T3 post hoc tests.

A probability level of p < 0.05 was statistically significant. Results
are presented as mean + standard error of the mean (SEM).

3. Results

3.1. CBD alone or in combination with nor-BNI reverted mechanical
allodynia in SNI rats

The mechanical withdrawal threshold to the innocuous stimulus (a
steel rod applied with increasing force, reaching 0-100 g over 10 s) was
measured (85.00 + 7.319 g) in sham rats injected with vehicle (Fig. 1A).
One-way ANOVA for repeated measures followed by Tukey’s multiple
comparisons test revealed significant differences among treatments’
groups (F (535) = 5.015, P = 0.0014). Administration of CBD did not
elicit any significant alteration in the mechanical response threshold in
sham rats (71.118 + 11.937 g) (Fig. 1A). The SNI of sciatic nerve
induced a substantial reduction in the mechanical withdrawal threshold
in the ipsilateral paw (23.500 + 5.763 g; P = 0.0013) compared to sham
rats receiving vehicle. Conversely, administration of CBD in SNI rats
resulted in a significant increase in the mechanical withdrawal threshold
(70.750 + 9.479 g; P = 0.0211) compared to SNI rats treated with
vehicle alone (Fig. 1A). Moreover, of the acute nor-BNI injection in
repeatedly CBD-treated SNI rats did not alter anti-allodynic effect of
CBD (76.500 + 12.052 g; P = 0.0072) (Fig. 1A).

3.2. CBD or nor-BNI ameliorated the short-term recognition memory in
SNI rats. On the contrary, this effect was reduced when CBD-treated rats
were pre-treated with nor-BNI

To assess discriminative memory, considered one of the main
comorbidities associated with neuropathic pain, we carried out the
Novel Object Recognition Test. The total exploration time during the
familiarization session was not significantly different between the SNI
model and the sham group (1.309 + 0.058 vs. 1.214 + 0.147; P =
0.9965) (not shown). However, it was observed that the SNI model
caused a significant reduction in discriminative abilities in the SNI/Veh-
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treated rats compared to the sham group (—0.077 + 0.032 vs. 0.211 +
0.030; P = 0.0057) (Fig. 1B). One-way ANOVA followed by Tukey’s
multiple comparisons test revealed significant differences among treat-
ment groups (F (535) = 12.20; P < 0.0001). The treatment with CBD led
to an improvement in cognitive performance in the SNI/CBD group
compared to the SNI/Veh-treated group (0.306 + 0.068 vs. —0.077 +
0.032; P = 0.0001). Similarly, the administration of nor-BNI improved
the discriminative abilities of the SNI/nor-BNI group compared to the
SNI/Veh-treated group (0.285 + 0.077 vs. —0.077 £ 0.032; P = 0.0003)
(Fig. 1B). However, no significant effect was observed in the sham/CBD-
treated group compared to the sham group (0.321 + 0.059 vs. 0.211 +
0.030; P = 0.6796). Interestingly, the group treated with the combina-
tion of CBD and nor-BNI did not show an improvement in cognitive
performance compared to the SNI/Veh-treated group (—0.059 + 0.039
vs. —0.077 £ 0.032; P = 0.9999) (Fig. 1B).

3.3. CBD and nor-BNI retrieved the long-term potentiation in LEC-DG
pathway and this effect was blocked by nor-BNI in SNI rats

To assess the potential effect of CBD and nor-BNI on synaptic plas-
ticity in SNI rats, LTP recordings were performed in LEC-DG pathway in
hippocampus, 14 days post-SNI (7 days post-treatment), as shown in
Fig. 1C and D. As previously found in SNI mice (4), the TBS application
in the LEC failed to induce potentiation of post-synaptic responses in DG
in SNI (Fig. 1E-I) rats treated with vehicle, 14 days post-injury. Indeed,
no changes of the fEPSPs amplitude (30-60 min: 102.23 + 4.60 vs 0-15
min: 100.53 + 3.06 %) (p = 0.99) (Fig. 1E and F and G) and slope
(30-60 min: 105.03 £ 4.81 vs 0-15 min: 99.15 + 2.93 %) (Fig. 1E-H
and I) (p = 0.96) were observed after TBS application differently from
sham rats that showed a significant increase in both amplitude (30-60
min: 185.34 + 3.9 vs 0-15 min: 101.01 + 0.2 %) (p < 0.001) and slope
(30-60 min: 141.56 + 3.69 vs 0-15 min: 99.66 + 0.76 %) (p = 0.0144)
that kept stable until the end of the experiment (Fig. 1E-I). A similar
effect was observed in sham rats that received subcutaneously treatment
with CBD for 7 days (5 mg/kg), amplitude (30-60 min: 171.22 + 5405%
vs 0-15 min: 100.348 + 0.27%) (p = 0.0011) and slope (30-60 min:
199.59 + 16.97% vs 0-15 min: 100.378 + 0.45%) (p < 0.001)
(Fig. 1E-T)

Two-way ANOVA followed by Tukey’s post-hoc test revealed sig-
nificant differences in the amplitude between treatments (F (5, 48) =
7.864, P < 0,0001), time (F (3, 48) = 93.58, P < 0,0001) and treatment x
time interaction (F (s, 48) = 8.454, P < 0.0001) of EPSPs was observed.
The same result was obtained for differences in the slope between
treatments (F (5, 48) = 24.52 P < 0.0001), time (F (1, 48) = 180.7, P <
0.0001) and treatment x time interaction (F (s, 4g) = 23.78, P < 0.0001)
of EPSPs.

Intriguingly the repeated treatment with CBD significantly reversed
the LTP impairment as compared to vehicle-treated SNI rats, 14 days
post-injury (Fig. 1E-I). In particular, fEPSPs amplitude and slope from
30 to 60 min post-TBS for SNI rats treated with CBD were: 206.13 +
32.02 % (p = 0.0013) and 178.12 4+ 17.22 % (p = 0.0018). The single
injection with the nor-BNI instead showed a trend in improving the LTP
functioning on both amplitude (179.66 + 10.54%; p = 0.0002) and
slope (229.59 + 3.01%; p < 0.0001) (Fig. 1E-I).

Surprisingly, the co-treatment with CBD and nor-BNI in SNI rat,
abolished the protective effect of single compounds on synaptic plas-
ticity. Indeed, TBS application was not able to induce potentiation of
fEPSPs in SNI rats (Fig. 1E). Specifically, the amplitude was 109.49 +
9.83% from 30 to 60 min compared to 100.24 + 3.40% from O to 15 min
(p > 0.99) (Fig. 1E and F and G), and the slope were 97.48 + 5.90% at
30-60 min compared to 98.91 + 3.23% at 0-15 min (p > 0.99)
(Fig. 1E-H and I).
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3.4. Effect of CBD and nor-BNI on glutamate and GABA release in the DG 3.5. CBD and nor-BNI, alone or in combination, mitigate the upregulation
of sham and SNI rats of VGLUT1 and VGAT in the DG of SNI rats

Microdialysis coupled with HPLC revealed that extracellular L-Glu Based on the amino acids levels changes, we performed immuno-
levels in the DG of the Sham/CBD group before injection of nor-BNI were histochemical analysis the showed increased staining of VGLUT1 and

significantly higher compared to the Sham/Veh group (13.80 + 1.03 vs VGAT mostly found in granule cells layer and highly in the molecular
7.70 +1.04 pmol/10 pl; F (7,19) = 4, P = 0.0074), and also compared to layer of DG of SNI rats. As observed by analysis of immunolabeled
the SNI/CBD group before drug injection (13.80 + 1.03 vs 7.19 + 3.67 VGLUT1-or VGAT positive area in DG we found a reduction in the

pmol/10 pl; F(7,19) = 4, P = 0.0074), suggesting saturation of gluta- expression of the vesicular transporter for either excitatory and inhibi-
matergic signaling. However, no change was observed in L-Glu levels tory neurotransmitter release in SNI rats treated with CBD and nor-BNI,
following nor-BNI injection into the DG of the animals (Fig. 2A). each alone, or in combination (Fig. 2C and D). As assessed by one-way

The extracellular GABA levels in the DG of the SNI/CBD group before ANOVA, analysis for VGLUT1 fluorescence (F, 40) = 87.62; P <
injection of nor-BNI were significantly lower compared to both the SNI/ 0.0001), Sidak’s multiple comparison test revealed that Sham-Veh
Veh group (10.20 £ 1.01 vs. 20.37 + 3.17 pmol/10 pl; F(724) = 4, P < (2.758 + 0.1627) shows a significant difference (P < 0.0001)
0.0001) and the Sham/CBD group (10.20 + 1.01 vs. 15.046 + 1.57 compared to SNI/Veh (5.795 + 0.1831). SNI-Veh shows a significant
pmol/10 pl; F(7,24) = 4, P < 0.0001) (Fig. 2B). Moreover, a significant difference (P < 0.0001) compared to SNI/CBD (2.071 + 0.1355). SNI-
increase was observed in GABA levels in the sham/veh group after nor- Veh shows a significant difference (P < 0.0001) compared to SNI/nor-
BNI injection compared to basal levels (18.65 + 1.85 vs. 27.44 + 4.63 BNI (2.591 + 0.1978). SNI-Veh shows a significant difference (P <
pmol/10 pL; F (7,24) = 4, P < 0.0001), indicating a potential modulation 0.0001) compared to SNI/nor-BNI + CBD (4.436 + 0.1455) (Fig. 2C).
of GABAergic signaling pathways (Fig. 2B). Similarly, an increase in Moreover, one-way ANOVA (F4, 40) = 87.62; P < 0.0001) and Sidak/s
GABA levels was also observed in the SNI/Veh group (20.37 £ 3.17 vs. post hoc test indicates that Sham/Veh (2.421 + 0.1414) shows a sig-
26.75 £ 2.07 pmol/10 pl; F (7, 24) = 4, P < 0.0001) and the SNI/CBD nificant difference (P < 0.0001) compared to SNI/Veh (4.025 +
group (10.20 £ 1.01 vs. 19.93 £ 7.77 pmol/10 pl; F (724) = 4, P < 0.1702). SNI/Veh shows a significant difference (P < 0.0001) compared
0.0001) following nor-BNI injection, suggesting a potential disruption in to SNI/CBD (1.903 + 0.1230). SNI/Veh shows a significant difference
GABAergic signaling following nerve injury (Fig. 2B). However, no (P < 0.0001) compared to SNI/nor-BNI (1.696 + 0.1235). SNI-Veh
significant change in GABA levels was observed in the SNI/Veh group shows a significant difference (P < 0.0001) compared to SNI/nor-BNI
after nor-BNI injection compared to basal levels, suggesting a lack of -+ CBD (0.9344 + 0.08831. SNI/CBD shows a significant difference (P <
effect on GABAergic signaling pathways following administration of 0.0001) compared to SNI/nor-BNI + CBD (Fig. 2D) as revealed by one-
nor-BNI (Fig. 2B). These findings highlight the complex interplay be- way ANOVA test with Sidak’s multiple comparisons post-hoc test.
tween cannabinoid treatment, nerve injury, and GABAergic signaling as
well as L-Glu level within the dentate gyrus region of the rat brain.
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Fig. 2. Effect of CBD and nor-BNI on glutamate and GABA release and VGLUT1 and VGAT expression. “A and B” show L-Glu and GABA extracellular levels in
DG, respectively. All data are expressed as the mean average + SEM of 5 animals per group. P < 0.05 was considered statistically significant. # shows the difference
between the basal level and post-nor-BNI injection level of the neurotransmitters, and * indicates the difference between the basal level of the neurotransmitters
between the groups. “C” shows the quantitative analysis of VGLUT1 immunolabeled fluorescent micrographs of rat DG. Rat brains were evaluated in absence or
presence of spared nerve injury (SNI) and treated respectively with Cannabidiol (CBD) and Nor-binaltorphimine (nor-BNI), alone or in presence of CBD (nor-BNI +
CBD). Data are presented as means + SEM for the percentage of VGLUT1 immunoreactive area in DG area (from Bregma —3.30 to —4.30 mm) from n = 3 rats per
experimental condition. “D” shows a quantitative analysis of VGAT immunolabeled fluorescent micrographs of rat DG. Rat brains were evaluated in absence or
presence of spared nerve injury (SNI) and treated respectively with Cannabidiol (CBD) and nor-binaltorphimine (nor-BNI), alone or in presence of CBD (nor-BNI +
CBD). Data are presented as means + SEM for the percentage of VGLUT1 immunoreactive area in DG area (from Bregma —3.30 to —4.30 mm) from n = 3 rats per
experimental condition. Statistical analyses were conducted using a Shapiro-Wilk test and/or Kolmogorov-Smirnov test to assess the Normal or Lognormal data
distribution and then analysed with Brown-Forsythe and Welch’s ANOVA test with Dunnett’s T3 multiple comparisons post-hoc test. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.6. CBD reduces SNI-induced dynorphin peptide and KOR1
overexpression in the ventral hippocampus

One-way ANOVA indicated a statistically significant difference in
dynorphin peptide levels among treatment’s group (F(4,39) = 10.13; P <
0.0001). Tukey’s multiple comparisons test showed that dynorphin
peptide levels were significantly increased in the ventral hippocampus
of SNI/vehicle rats in respect to Sham animals (0.89 + 0.09 vs 0.47 +
0.02; P < 0.0001). Chronic administration of CBD caused a significant
reduction of dynorphin levels in SNI rats (0.66 + 0.05 vs 0.89 + 0.09; P
= 0.047). The kappa antagonist nor-BNI, either administered alone or
after CBD prolonged treatment, reduced dynorphin levels in SNI rats
(0.56 4+ 0.06 vs 0.89 + 0.09; P = 0.0015, alone; 0.46 + 0.03 vs 0.89 +
0.09; P < 0.0001, in combination) (Fig. 3 A).

Immunohistochemical analysis revealed a significant SNI-mediated
induction of KOR1 reactivity, mainly localized at the granular cell
layer of DG. KOR1 immunoreactivity, analysed by One-way ANOVA test
(F(4, 40) = 63.26; P < 0.0001), was lowered by CBD administration in SNI
rats, and this effect was blocked by nor-BNI in SNI rats (Fig. 3 B and E).
Dunnet’s T3 multiple comparison test reported that Sham/Veh (2.212
+ 0.097) shows a significant difference (F = 10, P < 0.0001) compared
to SNI/Veh (6.018 + 0.2719). SNI-Veh shows a significant difference (P
< 0.0001) compared to SNI/CBD (1.758 + 0.1305). SNI/CBD shows a
significant difference (, P < 0.0001) compared to SNI/nor-BNI + CBD
(4.763 £ 0.2137). KOR1/VGLUT1 expression was highly colocalized at

Sham
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granular layer of DG in SNI/Vehicle and SNI/nor-BNI and this colocal-
ization was reduced by CBD or CBD/nor-BNI injection in rats as indi-
cated by One-way ANOVA test (F (4, 40) = 21.9; P < 0.0001) (Fig. 3 Cand
E). Indeed, Sidak’s test revealed that, SNI/Veh (0.1971 + 0.01411)
shows a significant difference (P < 0.0001) compared to SNI/CBD
(0.06167 + 0.008526). SNI/CBD shows a significant difference (P =
0.0306) compared to SNI/nor-BNI + CBD (0.1231 + 0.008978). Simi-
larly, KOR1/VGAT immunoreactivity (One-way ANOVA test, F(4, 40) =
40.64; P < 0.0001) in DG was highly colocalized in SNI/Vehicle but
CBD/nor-BNI co-treatment in SNI rats was less efficient to reduce the
overexpression then CBD or nor-BNI alone (Fig. 3D and E) from Sham/
Vehicle- or SNI/vehicle-injected rats, and from SNI/CBD- or SNI/nor-
BNI- or SNI/CBD/nor-BNI-treated rats. KOR immunoreactivity in the
granule cells layer continued to be very high except in VGLUT1 nerve
terminals where it was reduced by nor-BNI (Fig. 3 C and E). Finally,
Sham/Veh (0.05489 + 0.01007) shows a significant difference (P <
0.0001) compared to SNI/Veh (0.2130 + 0.01093). SNI-Veh shows a
significant difference (P < 0.0001) compared to SNI/CBD (0.1160 +
0.01067), as revealed by one-way ANOVA test with Dunnett’s T3 or
Sidak’s multiple comparisons post-hoc test.

3.7. Effect of CBD and nor-BNI on endocannabinoids levels and CB1
expression glutamatergic or GABAergic terminals

Extracellular levels of AEA showed no changes in the Sham groups;
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Fig. 3. CBD reduces SNI-induced dynorphin peptide and KOR1 overexpression in the ventral hippocampus “A” shows dynorphin levels measured by ELISA
assay in the ventral hippocampus in Sham and SNI rats treated with CBD, nor-BNI or their combination. Data are expressed as means + SEM of 8-10 animals per
group and were analysed by One-way ANOVA followed by Tukey’s multiple comparison test. “B” shows the quantitative analysis of OPKR1 immunolabeling in DG of
Sham or SNI rats, treated with Cannabidiol (CBD), or nor-binaltorphimine (nor-BNI) or both (nor-BNI + CBD). “C” shows the Mander colocalization coefficient
analysis of OPKR1/VGLUT immunolabeled fluorescent micrographs of immunolabeled fluorescent micrographs of Sham or SNI rats, treated with Cannabidiol (CBD),
or nor-binaltorphimine (nor-BNI) or both (CBD/nor-BNI). Data are presented as means + SEM for the Mander’s coefficient the percentage of VGLUT1 immunore-
active area in DG area (from Bregma —3.30 to —4.30 mm) from n = 3 rats per experimental condition. “E” shows the Mander colocalization coefficient analysis of
OPKR1/VGAT immunolabeled fluorescent micrographs of immunolabeled fluorescent micrographs of Sham or SNI rats, treated with Cannabidiol (CBD), or nor-
binaltorphimine (nor-BNI) or both (nor-BNI + CBD). “E” shows the representative micrographs of KOR1/DAPI or KOR1/VGLUT1/DAPI, and KOR1/VGAT/DAPI
immunolabeling of the dentate gyrus (DG) from the hippocampus of Sham/Veh or SNI/Veh-injected rats, and of SNI/CBD- or SNI/nor-BNI- or SNI/nor-BNI + CBD-
treated rats. Data are presented as means + SEM for the Mander’s coefficient the percentage of OPKR1/VGAT immunoreactive area in DG area (from Bregma —3.30
to —4.30 mm) from n = 3 rats per experimental condition. Statistical analyses were conducted using a Shapiro-Wilk test and/or Kolmogorov-Smirnov test to assess
the Normal or Lognormal data distribution and then analysed with Brown-Forsythe and Welch’s ANOVA test with Dunnett’s T3 multiple comparisons post-hoc test.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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however, a significant decrease was observed following SNI/CBD after
nor-BNI treatment compared to the SNI/CBD basal levels (P < 0.05,
Fig. 4A). In contrast, 2-AG levels exhibited significant alterations in both
the Sham and SNI groups. Notably, the extracellular 2-AG concentration
was lower in the Sham/CBD basal and SNI/veh groups compared to the
Sham/basal group (Fig. 4B). Furthermore, nor-BNI treatment led to an
increase in extracellular 2-AG levels in the DG, in both SNI/Veh and
SNI/CBD groups, compared to their respective control groups (Fig. 4B, P
< 0.0001 for SNI/Veh basal and P < 0.01 for SNI/CBD basal). Finally,
CB1 receptors were increased by neuropathy at the granular layer and
reduced by CBD and nor-BNI, alone or in combination as statistically
described with one way ANOVA (F4, 40) = 253.8; P < 0.0001). In
particular, in Sidak’s multiple comparison, Sham/Veh (4.928 + 0.1694)
shows a significant difference (P < 0.0001) compared to SNI/Veh (9.670
+ 0.1267). SNI/Veh shows a significant difference (P < 0.0001)
compared to SNI/CBD (3.282 + 0.09537). SNI/Veh shows a significant
difference (P < 0.0001) compared to SNI/nor-BNI + CBD (1.348 +
0.07234). SNI/CBD shows a significant difference (P < 0.0001)
compared to SNI/nor-BNI + CBD (Fig. 4D)

Intriguingly, CBD promotes CB1 expression at both excitatory
(VGLUT1) (Fig. 4 C and E) and inhibitory (VGAT) (Fig. 4 C and F) inputs.
For CB1/VGLUT1 colocalization were analysed through one way
ANOVA (F(4, 40y = 96.32; P < 0.0001) Sham/Veh (0.03744 + 0.009812)
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shows a significant difference (P < 0.0001) compared to SNI/Veh
(0.1658 + 0.0138). SNI/nor-BNI (0.2773 + 0.007835) shows a signifi-
cant difference (P = 0.0217) compared to SNI/nor-BNI + CBD (0.2257
+ 0.006737). SNI/Veh shows a significant difference (P < 0.0001)
compared to SNI/nor-BNI. SNI/Veh shows a significant difference (P =
0.0053) compared to SNI-nor-BNI + CBD (Fig. C and E). For CB1/VGAT
colocalization (one way ANOVA, F(4, 40) = 57.53; P < 0.0001), Sham/
Veh (0.09278 + 0.01039) shows a significant difference (P < 0.0001)
compared to SNI/Veh (0.2678 + 0.01744), after Sidak’s post hoc test.
SNI/CBD (0.3461 + 0.01176) shows a significant difference (P <
0.0001) compared to SNI/nor-BNI + CBD (0.1527 + 0.01456) (Fig. 4D
and F).

4. Discussion

We evaluated the protective effects of cannabidiol (CBD) on func-
tional, morphologic, and neurochemical changes in the dentate gyrus of
the hippocampus (DG) induced by peripheral neuropathy and the role of
KOR on the CBD healing effects. The idea of exploring this drug inter-
action arises from our and others previous observations that CBD, as
well potent KOR activity modulator, reduces pathological pain and the
associated affective symptoms (Capasso et al., 2008; De Gregorio et al.,
2019; Guida et al., 2012; Medeiros et al., 2024; Scarante et al., 2021).
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Fig. 4. Effect of CBD and nor-BNI on endocannabinoids levels and CB1 expression glutamatergic or GABAergic terminals “A and B” show the effect of CBD,
nor-BNI or CBD -+ nor-BNI on the levels of the endocannabinoid anandamide (AEA) and 2-arachydonoylglycerol (2-AG) in the DG in sham and SNI rats. “C” shows the
representative micrographs of CB1, VGLUT1 and VGAT immunolabeling of the dentate gyrus (DG) from the hippocampus of sham or SNI/vehicle-injected rats, and
SNI/CBD or SNI/nor-BNI or SNI/nor-BNI + CBD treated rats. CB1 immunoreactivity is induced in the hilus and granular layer of SNI vs sham rats. “D” shows the
Mander colocalization coefficient analysis of CB1 immunolabeled fluorescent micrographs of immunolabeled fluorescent micrographs of Sham or SNI rats, treated
with Cannabidiol (CBD), or nor-binaltorphimine (nor-BNI) or both (nor-BNI + CBD). Data are presented as means + SEM for the Mander’s coefficient the percentage
of CB1 immunoreactive area in DG area (from Bregma —3.30 to —4.30 mm) from n = 3 rats per experimental condition. “E” shows the Mander colocalization
coefficient analysis of CB1/VGLUT1 immunolabeled fluorescent micrographs of immunolabeled fluorescent micrographs of Sham or SNI rats, treated with Canna-
bidiol (CBD), or nor-binaltorphimine (nor-BNI) or both (nor-BNI + CBD). Data are presented as means + SEM for the Mander’s coefficient the percentage of CB1/
VGLUT 1 immunoreactive area in DG area (from Bregma —3.30 to —4.30 mm) from n = 3 rats per experimental condition. “F” shows the Mander colocalization
coefficient analysis of CB1/VGAT immunolabeled fluorescent micrographs of immunolabeled fluorescent micrographs of Sham or SNI rats, treated with Cannabidiol
(CBD), or nor-binaltorphimine (nor-BNI) or both (nor-BNI + CBD). Data are presented as means + SEM for the Mander’s coefficient on DG area (from Bregma —3.30
to —4.30 mm) from n = 3 rats per experimental condition. Statistical analyses were conducted using a Shapiro-Wilk test and/or Kolmogorov-Smirnov test to assess
the Normal or Lognormal data distribution and then analysed with Brown-Forsythe and Welch’s ANOVA test with Dunnett’s T3 multiple comparisons post-hoc test.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Given that the interaction between cannabinoid and the opioid systems
has emerged (Abrams et al., 2011; Navarro et al., 2001) and considering
that CBD has been authorized for the treatment of Lennox-Gastaut epi-
lepsy and Dravet syndrome (Nguyen et al., 2023), we investigated the
interactions that CBD might have with opioid receptors (Abrams et al.,
2011; Manzanares et al., 1999; Mason et al., 1999; Navarro et al., 2001;
Welch, 2009). We confirmed the antiallodynic (Fig. 1A) and anxiolytic
(Supplementary Fig. 1) effects of the CBD treatment in a rat model of
neuropathic pain (De Gregorio et al., 2019). Interestingly, our data also
showed the CBD ability to ameliorate aversive behavior (Supplementary
Fig. 1) and memory impairment (Fig. 1B) caused by neuropathic pain
condition. This latter behavioral effect was supported by the observed
recovery of LTP at the level of the DG of the hippocampus. However, the
unexpected finding was that acute KOR inhibition induced two opposite
effects in neuropathic rats, depending on whether the animals were
pretreated with CBD or not. The KOR antagonist nor-BNI recovered
working memory and related synaptic plasticity in the DG of rats not
pretreated with CBD. In contrast, nor-BNI reinstated some neuropathic
syndrome signs in rats treated with CBD in which this latter alone was
effective, thus indicating a subtractive drug-drug interaction. Further-
more, KOR blockade proved ineffective in reducing mechanical allody-
nia and anxiety-like behaviour. This is not entirely surprising as it is the
activation and not the blockade of the KOR that reduces allodynia in
neuropathic syndromes (Wang Y.-J. et al., 2016; Xu M. et al., 2004).
Indeed, in some instances, the KOR activation by endogenous dynorphin
(Wang Y-J. et al., 2016) or salvinorin A (McCurdy CR. et al., 2006)
exhibited anti-nociceptive or anxiolytic action after spinal nerve ligation
(SNL).

To try to explain these results, we performed further experiments by
using in vivo microdialysis to measure glutamate, GABA, anandamide
(AEA) and 2-arachidonoyl glycerol (2-AG) levels in DG, in vivo elec-
trophysiology and morphological studies. Moreover. dynorphin peptide
in the DG was measured by ELISA.

Unlike a previous study showing change in glutamate (Saffarpour
et al., 2017), we did not find changes in DG glutamate or GABA of SNI
rats, even during or after LPP tetanization (Jay et al., 1999). The lack of
change in extracellular glutamate and GABA levels may fit with the
upregulation of synaptic vesicular glutamate or GABA transporters,
vGLUT1 and vGAT, respectively, in the DG of SNI rats. Indeed, the lack
of mobilization and emptying of the presynaptic vesicles (i.e. their
increased staining/accumulation in somatodendritic terminals of the
granular cells) could explain the lack of modification in the levels of
GABA and glutamate, even if in fact their reduction was expected.
Extracellular reduction may have been more the case for GABA where
CB1 receptors were overexpressed in VGAT + fibers. The increased CB1
receptor staining could in turn be a compensatory mechanism resulting
from a reduction in extracellular levels of 2-AG.

This apparent functional “freezing” of GABA and glutamate extra-
cellular release, together with the reduction in 2-AG, may contribute to
the increase in DG dynorphin. Thus, the higher KOR opioid tone dis-
rupted functioning of the granular cells of the DG, as well as of the
excitatory terminals originating from the entorhinal cortex (lateral
perforant pathway, LPP), ultimately inhibiting hippocampal plasticity
and memory (Hollnagel, J.-O. et al., 2019). However, our previous
works described increased glutamate in the hippocampus of neuropathic
mice (Boccella et al., 2019; Guida et al., 2015). In those works, the
glutamatergic hyperactivation caused a “saturation” of normal excit-
atory transmission with a failure in LTP induction (Boccella et al., 2019).

In the DG, dynorphin is synthesized by granule cells and released
from their dendrites. While it mainly has an inhibitory function (Sim-
mons et al., 1995), it can also unexpectedly increase the excitability of
granule cells via KOR autoreceptors (Schrader et al., 2011). This excit-
atory effect could partially explain the elevated basal fEPSP observed in
neuropathic rats. KOR agonists can lower the spike threshold in granule
cells, increase the number of spikes with a shorter onset than the first
spike, broaden the width of the spikes by half, and shorten the interval
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between spikes. This general increase in excitability with a selective
KOR agonist was prevented by nor-BNI. In this study, we hypothesize
that the basal increase in fEPSP amplitude in neuropathic rats is related
to elevated levels of dynorphin and overexcitability resulting from KOR
activation. The post-receptor mechanisms through which these physio-
logical changes are generated (such as the downregulation of K* chan-
nels as shown by McDermott and Schrader, 2011) are central to these
functional changes and remain the subject of further investigation,
though they are not the focus of this study. Another key effect of
dynorphin is the inhibition of LPP glutamatergic terminals that inner-
vate the radial dendrites or cell bodies of granule cells, mediated
through KOR heteroceptors. As a result of these combined effects of
increased extracellular dynorphin, the induction of LTP in the LPP-DG
pathway was inhibited in SNI rats (Wagner et al., 1993; Salin et al.,
1995; Terman et al., 2000).

CBD, through the complex pharmacodynamics, ranging from ion
channels to diversity of molecular target and regulation of gene
expression or the CBl-mediated THC effects, reduced allodynia and
restored hippocampal plasticity and cognitive function in neuropathic
rats. CBD restored vGAT+ and vGLUT + staining on terminals sur-
rounding granule cells and reduced extracellular GABA. The increase in
GABAergic tone (without changes in endocannabinoids) may be a key
factor in the restoration of LTP in the LPP-DG pathway and in the
reduction of neuropathic pain symptoms by CBD. There is evidence that
an increase in GABA in the DG prevents LTP and memory impairment
(Vuckovic et al., 2018). In addition, potentiation of GABAergic inhibi-
tion is currently adopted as therapeutic strategy for neuropathic pain
management. It has been shown that CBD is a positive allosteric
modulator at all a containing GABA receptors but with a higher efficacy
for the a2-containing receptor (T. Bakas et al., 2017), partially
explaining the CBD-induced antiallodynic effect in neuropathic animals.
On the contrary, its increase due to the persistent inhibition of the KOR
(i.e. GABAergic disinhibition) would prevent or counteract its mainte-
nance (Wu et al., 2014). We have found that CBD did not affect the
GABA level in healthy conditions but decreased it in neuropathic rats
treated with CBD. This suggests that a key CBD-induced change in the
DG, relevant for its therapeutic effect, may involve the reduction of
GABA levels.

It is important to note that its lowest level was observed only after
CBD treatment in neuropathic rats and not under other conditions in this
study. We can hypothesize that a key mechanism of CBD, alongside
many others yet to be explored, may involve the reduction of GABAergic
tone for the achievement of the therapeutic effect.

Regarding acute treatment with nor-BNI, we have shown that,
although not effective in reducing allodynia, it may prove useful for the
treatment of central cognitive impairment in neuropathic pain. Consis-
tently, the tetanization of the LPP in the presence of nor-BNI again
induced LTP in neuropathic rats. These results suggest that a low dose of
nor-BNI acts on the limbic system and likely less in the spinal cord,
where dynorphin is upregulated and supports allodynia (Navratilova E.
et al., 2019). While this remains speculative, it is noteworthy that both
behavioral and electrophysiological data support this hypothesis, war-
ranting further investigation in future spinal cord studies. To explain a
possible signaling pathways underlying the KOR-dynorphin interaction
with synaptic plasticity and cognition, we have performed morpholog-
ical quantification analysis of c-Jun. Our data (Supplementary Fig. 2)
confirm previous studies where it is demonstrated that c-Jun is involved
in the upregulation of dynorphin in inflammation or chronic pain by
activating DYNCRE3, the promoter of the prodynorphin gene
(Messersmith DJ et al., 1996; Messersmith DJ et al., 1998). Interestingly,
both CBD and nor-BNI can prevent c-Jun activation, and this could also
explain the normalization of dynorphin levels observed here with these
pharmacological pretreatments. Since nor-BNI prevents c-Jun activa-
tion, one could suppose that the same receptor positively modulates the
dynorphin level, revealing maybe the positive feedback of the dynor-
phinergic tone in neuropathic condition. Indeed, dynorphin plays a
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crucial role in the maintenance of chronic neuropathic pain (Wang Z
et al., 2001). Furthermore, among the mechanisms of action of CBD, we
could think that the regulation of c-Jun is a further way of CBD at the
intracellular post-receptor signaling level to decrease cellular
over-activation. In any case, these data on c-Jun although preliminary,
indicate once again the complexity of the action of the drugs studied
here and stimulate further studies dedicated to the topic.

In addition, nor-BNI increased extracellular 2-AG level in the DG,
possibly due to disinhibition of neural as well as reactive astrocytes or
microglia. This is in line with previous data showing an upregulation of
DAG lipase in astrocytes, which influences gliotransmission and regu-
lation of neuron-glial crosstalk in rats (Covelo et al, 2021).
Astrocyte-derived, but not neuronal-derived, 2-AG has recently been
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shown to be necessary to promote neurogenesis and plasticity in the DG
of mice (Schuele et al., 2022). The coexistence of KOR and CB1 receptors
on “activated” astrocytes may justify the high increase in 2-AG after
nor-BNI (Hegyi et al., 2018). The autocrine stimulation of the CB1 re-
ceptor on the astrocytes allows further release of 2-AG from those cells
when the inhibitory counterpart KOR is blocked, thus strengthening the
“endocannabinoid tone” of astrocytes (Hegyi et al., 2018). The 2-AG
increase would lead, in turn, to a reduction in dynorphin outflow in
the DG where we found upregulation of the CB1 receptors staining. Such
a CB1 receptor overexpression in neuropathic rats was normalized or
even decreased by a single dose of nor-BNI. The CB1 receptor decrease
was probably a consequence of its overstimulation by the high extra-
cellular level of 2-AG. This agonist-induced regulation has been

SNI-CBD

SgNI-NOR-BN
= NMDA receptor

O=CBD

m= KOR-Receptor ﬂ@j@ = CB1 receptor

:‘)X; Astrocyte /ﬁ = Granule cell

O =240 = GABA neuron
. = Dynorphine D = GABA
= Glutamate

.=AEA

() =NOR-BNI

Scheme. A) Physiological condition: under normal physiological conditions, the dentate gyrus presents a typical release of neurotransmitters, including glutamate,
GABA and 2-arachidonoylglycerol (2-AG). Long-term potentiation (LTP) is successfully induced after tetanization of the LPP, indicating proper synaptic plasticity and
neuronal function. B) Spared nerve injury (SNI) condition: In the SNI condition, there is a notable decrease in the release of 2-AG and GABA, along with an increase in
dynorphin secretion. This alteration in neurotransmitter dynamics determines the absence of LTP induction. This reflects reduced synaptic plasticity and potential
neuropathic pain states due to upregulation of dynorphinergic tone which in turn inhibits local GABA release. C) SNI condition with CBD administration: cannabidiol
(CBD), reduced upregulation of dynorphin and increased anandamide (AEA) level in SNI state. Therefore, the upregulation of AEA exerted its inhibitory effect on
GABAergic terminals, the GABA level remained lower compared to control and this contributed to the facilitation of LTP. This neurochemical adjustment restored
LTP through a) normalization of CBD-induced dynorphinergic tone, b) a low level of GABA, and c) an increase in AEA which may be critical for the induction of LTP
in the LEC-DG pathway. D) SNI condition with NOR-BNI administration: Administration of NOR-BNI, a kappa-opioid receptor (KOR) antagonist, in the SNI condition
reduced dynorphin and increased 2-AG levels. Together with KOR inhibition, the massive increase in 2-AG helped preserve LTP induction. This observation indicates
a physiological inhibition of KOR on endocannabinoid release and synaptic function. In this condition the GABA level was not changed. E) SNI condition with
combined administration of CBD and NOR-BNI: When CBD is administered in combination with NOR-BNI in the SNI condition, there was a marked increase in the
release of both 2-AG and GABA. Consistent with the key role of GABA in counteracting the induction of LTP in the hippocampal DG, LTP was not restored. This
suggests a complex interaction between the cannabinoid system and GABAergic transmission that is not fully corrected by combined treatment. Indeed, although the
very high increase in 2-AG was not in itself effective in those conditions to drive the promotion of LTP, probably due to the CB1 receptor downregulation.
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described for the CB1 receptor (Imperatore et al., 2015; Sim-Selley et al.,
2006), as well as other GPCRs (Sim-Selley, 2003). Importantly,
increased 2-AG, along with elevated AEA, played a crucial role in
restoring LTP in the LEC-DG pathway (Boccella et al., 2019; Frazier,
2007; Piomelli, 2003; Wang et al., 2001). Therefore, its reduction in the
DG of SNI rats may have contributed to the impaired LTP and memory
observed in this study (Kedziora et al., 2023; Murphy N. et al., 2012).

As previously mentioned, acute KOR blockade caused the reap-
pearance of symptoms and signs of neuropathy in CBD-treated rats.
Mechanistically we can say that nor-BNI induced a rapid upregulation of
KOR, probably as compensation for the slow dissociation kinetics of nor-
BNI (Sirohi S. et al., 2016; Bruchas M.R. et al., 2007), and induced a
downregulation of CB1 receptors on the same GABAergic terminals.
These receptor changes determined a general disinhibition of GABAergic
tone in the DG and the reduction of vGAT+ (due to an increase in
microvesicular trafficking of GABA and their synaptic depletion) and
consequent increase in extracellular levels of GABA. Therefore, we can
hypothesize that the blockade of KORs (which were upregulated to
compensate for their persistent inhibition by nor-BNI) on vGAT + ter-
minals, along with the downregulation of CB1 receptors (possibly due to
elevated 2-AG levels), was a key factor opposing the therapeutic effects
of CBD (Scheme 1). While concomitant KOR blockade increased extra-
cellular GABA, further hindering LTP and memory consolidation by CBD
(Wu Z. et al., 2014; Schurmans S. et al., 1997; Jo S. et al., 2014),
extracellular AEA was also reduced in the DG in these rats. Evidence
suggests that AEA is required for LTP in the DG through activation of
CB1 receptors (Kedziora et al., 2023; Murphy N. et al., 2012). Although
we did not identify the specific cellular source of AEA in this study, AEA
may exert inhibitory control over GABAergic terminals. This may also
have contributed to the increased GABA and reduced neuroplasticity
observed here. In fact, we found that AEA increased when nor-BNI alone
reduced neuropathic pain and enhanced neuroplasticity.

5. Conclusions

In conclusion, this study shows that increased dynorphin in the
hippocampal DG of neuropathic rats correlates with allodynia and
memory deficits. Consistent with other studies, elevated dynorphin in
the DG inhibited LTP and was linked to a downregulation of 2-AG and
CB1 receptors, highlighting dynorphin’s role in discomfort, distress, and
pain. This study also confirms the crosstalk between the endocannabi-
noid and opioid systems; however, several CBD effects are avoided by
KOR activity. Both the acute KOR antagonism and 7 days of CBD
treatment normalized dynorphin levels and improved affective symp-
toms, but only CBD had an antiallodynic effect. Notably, acute KOR
blockade after CBD treatment caused a recurrence of all the neuropathic
pain-related symptoms. Additionally, CBD led to rapid CB1 down-
regulation and KOR upregulation in the DG, inhibiting LTP and
impairing cognition. Collectively, these data suggest that the mainte-
nance of the CBD-restored dynorphinergic tone, likely in combination
with other neural adaptive processes, is crucial for the usefulness of a
CBD therapeutic treatment.
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