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Abstract
Background  Neuropathic pain (NP) is a chronic and debilitating condition that remains difficult to treat, with opioids like 
morphine often leading to tolerance and reduced efficacy over time. Cannabidiol (CBD) has emerged as a potential thera-
peutic for NP even in morphine tolerance conditions; however, its effects on nociceptive modulation and neurotransmitter 
metabolism in morphine-tolerant NP models remain poorly understood. This study investigated the impact of CBD on 
mechanical hypersensitivity and on tryptophan (TRP) metabolism via the serotonin (5-HT) and kynurenine (KYN) pathways 
and dopamine (DA) in Wistar rats with NP and morphine tolerance.
Methods  NP was induced using the spared nerve injury (SNI) model. Animals received morphine (5 mg/kg, subcutaneous 
(sc), twice daily) for 7 days to induce tolerance. On Day 8, rats were treated with CBD (20 mg/kg, ip) or vehicle. Mechanical 
hypersensitivity was assessed, and TRP metabolism and DA were evaluated in different brain regions and serum.
Results  Repeated morphine induced tolerance to its analgesic effects. CBD significantly reduced mechanical hypersensitiv-
ity in non-tolerant rats, with a modest effect in morphine-tolerant animals. In tolerant rats, CBD increased 5-hydroxytryp-
tophan (5-HTP)/TRP ratio in hippocampus and midbrain and reduced KYN levels in the hippocampus, indicating a shift 
toward 5-HT synthesis. CBD also lowered DA and the 5-HTP/TRP ratio in the brainstem, and decreased serum TRP and 
5-HT.
Conclusions  CBD treatment in NP morphine-tolerant rats exerted a modest effect on mechanical hypersensitivity and was 
associated with a partial counteraction of metabolic dysregulation by reducing KYN production and shifting TRP metabo-
lism toward 5-HT synthesis (increased 5-HTP/TRP ratio). These findings suggest that CBD modulates 5-HT tone through 
region-specific mechanisms associated with the development of morphine tolerance.
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IDO / IDO1 / IDO2 �Indoleamine 2,3-dioxygenase (iso-
forms 1 and 2)

IFN-γ �Interferon-gamma
Ip �Intraperitoneal
KYN �Kynurenine
MOR �Mu opioid receptor
NP �Neuropathic pain
PAG �Periaqueductal gray
PFC �Prefrontal cortex
PWT �Paw withdrawal threshold
RVM �Rostroventral medulla
sc �Subcutaneous
SEM �Standard error of the mean
SNI �Spared nerve injury
TPH �Tryptophan hydroxylase
TDO �Tryptophan 2,3-dioxygenase
TNF-α �Tumor necrosis factor-alpha
TRP �Tryptophan
UV-VIS �Ultraviolet–visible (detector)
VEH �Vehicle
VTA �Ventral tegmental area

Introduction

Neuropathic pain (NP) is a chronic disorder arising from 
injury or dysfunction of the peripheral or central nervous 
system, leading to persistent alterations in somatosensory 
processing [1]. The prevalence of NP in the general pop-
ulation ranges from 6 to 8% [2], accounting for approxi-
mately 20–25% of all chronic pain conditions [3]. NP is 
characterized by spontaneous and evoked pain, including 
mechanical hypersensitivity (allodynia) and hyperalgesia 
[4], as well as paraesthesia and dysesthesia [4, 5]. Patients 
often describe burning, shooting, or stabbing sensations, 
frequently accompanied by numbness, tingling, and height-
ened sensitivity to touch [6, 7]. Clinical guidelines rec-
ommend non-opioid pharmacological treatments such as 
tricyclic antidepressants, serotonin-norepinephrine reuptake 
inhibitors, anticonvulsants, and topical agents as first-line 
therapies [8]. These agents primarily target neurotrans-
mitter systems, including serotonin (5-HT) and dopamine 
(DA), which modulate pain transmission [9]. Nonetheless, 
opioids are frequently prescribed as second-line treatments 
due to historical use, patient demand, and limited efficacy 
of first-line drugs. Chronic opioid therapy, however, is 
hampered by tolerance, dependence, and addiction [10]. 
Once tolerance develops, strategies to maintain analgesic 

efficacy remain limited. Cannabidiol (CBD), the major 
non-psychoactive constituent of cannabis, has emerged as 
a candidate for NP management. Preclinical and clinical 
studies suggest that CBD engages anti-inflammatory, anti-
oxidant, and neuroprotective mechanisms [11]. Importantly, 
CBD inhibits indoleamine 2,3-dioxygenase (IDO) [12], the 
rate-limiting enzyme converting tryptophan (TRP) into kyn-
urenine (KYN), which is upregulated in neuroinflammatory 
and neurodegenerative states [13]. Inhibition of IDO may 
shift TRP metabolism toward the 5-HT biosynthetic path-
way, promoting 5-HT neurotransmission, a key modulator 
of nociception and affective states [14]. 5-HT is synthesized 
from TRP in two enzymatic steps: hydroxylation by trypto-
phan hydroxylase (TPH) to 5-hydroxytryptophan (5-HTP), 
followed by decarboxylation via aromatic L-amino acid 
decarboxylase to 5-HT [13]. Of the two TPH isoforms, 
TPH1 is mainly expressed peripherally, whereas TPH2 is 
localized in the CNS [15] and drives neuronal 5-HT synthe-
sis. CBD also reduces pro-inflammatory cytokines such as 
interferon-gamma (IFN-γ) and tumor necrosis factor-alpha 
(TNF-α), both of which activate the KYN pathway [16, 17].

Dysregulated TRP metabolism has been linked to NP 
pathophysiology. Conversion of TRP to KYN is catalyzed 
by tryptophan 2,3-dioxygenase (TDO) and indoleamine 
2,3-dioxygenases 1 and 2 (IDO1, IDO2), with IDO isoforms 
contributing prominently under pathological conditions 
[13]. Altered KYN pathway activity results in imbalanced 
production of downstream metabolites with neurotoxic or 
neuroprotective effects [18, 19].

Beyond TRP metabolism, CBD modulates dopaminergic 
function, including DA release, reuptake, and receptor sig-
naling, which may further contribute to its analgesic profile 
[20]. However, the extent to which CBD regulates KYN and 
5-HT pathways, and its interaction with DA signaling in NP, 
remains poorly understood.

In this study, we thus investigated whether CBD can allevi-
ate neuropathic pain-related behaviour in morphine-tolerant 
rats and counteract the monoaminergic alterations associ-
ated with opioid tolerance. Using the Spared Nerve Injury 
(SNI) model of neuropathic pain, CBD was administered 
after tolerance to morphine had been established. To explore 
potential neurochemical mechanisms, TRP metabolism was 
analyzed in brain regions implicated in pain processing, the 
prefrontal cortex (PFC), hippocampus, midbrain, and brain-
stem, as well as in serum. Specific metabolites quantified 
included TRP, 5-HTP, 5-HT, 5-hydroxyindoleacetic acid 
(5-HIAA), and KYN. Additionally, dopamine (DA) levels 
were measured, given its key role in pain modulation and its 
dysregulation during chronic opioid exposure.
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Materials and methods

Experimental design

NP was induced using the SNI model described by 
Decosterd and Woolf [21], in which the tibial and peroneal 
nerves were severed while leaving the sural nerve intact. 
Following recovery, naïve (with intact nerve) and NP (with 
lesioned nerve) rats were treated sc with morphine (5 mg/kg, 
n = 12 rats) or vehicle (0.9% NaCl, n = 13 rats) twice daily 
for 7 days. Mechanical hypersensitivity was assessed using 
von Frey filaments at baseline, and 30 min post-treatment 
on days 1 and 7. Morphine-tolerant and non-tolerant rats 
received a single dose of cannabidiol (CBD, 20 mg/kg [22], 
intraperitoneal (Ip); n = 6 for morphine-tolerant rats and 
n = 6 for morphine-non-tolerant rats) or vehicle (n = 6 for 
morphine-tolerant rats and n = 7 for morphine-non-tolerant 
rats) and tested for mechanical hypersensitivity 30 min, 1, 2, 
3, 4, and 5 hours post-treatment. Then, several brain regions, 
including the prefrontal cortex (PFC), hippocampus, mid-
brain, and brainstem, along with the blood, were collected 
for the quantification of TRP and its metabolites, and DA. 
Figure 1 illustrates the experimental timeline.

Animals

Male Wistar rats (Charles Rivers, Quebec, Canada), weigh-
ing 130 g at the start of the experiments, were housed in 
groups of 2–3 per cage in a temperature and humidity-
controlled facility with a 12:12 h light-dark cycle (lights on 
at 7 AM) and provided with ad libitum access to food and 
water. All experimental protocols were carried out during 
the light phase (7 am-7 pm) and approved by the McGill 
University Animal Ethics Committee (Protocol # 7181), in 

accordance with the IASP ethical guidelines for the inves-
tigation of experimental pain in conscious animals [23] 
and the Canadian Institutes of Health Research guidelines 
for animal care and experimental use. For all behavioural 
experiments, the experimenter was blind to drug treatment. 
The number of rats per experimental group was based on 
our previous research [24, 25]. To minimize cage effects 
and environmental biases, animals were selected one at a 
time from different cages in a randomized manner for each 
experimental session. NP rats were monitored daily by the 
McGill Comparative Medicine and Animal Resources Cen-
tre (CMAR). Animals exhibiting signs of distress or suf-
fering were treated or euthanized in accordance with the 
institutionally approved Standard Operating Procedures for 
humane endpoints (SOP #410).

Drugs

Morphine sulphate (Sigma Aldrich, St Louis, MO; Cayman 
Chemical, Ann Arbor, MI) was dissolved in saline (0.9% 
NaCl) and injected sc at the dose of 5 mg/kg twice per day 
for 7 days. Cannabidiol (CBD) (Cayman Chemical, Ann 
Arbor, MI) was dissolved in a vehicle composed of EtOH, 
Tween80, and saline (0.9% NaCl) in a ratio of 3:1:16 and 
administered ip at a single dose of 20 mg/kg for behav-
ioural experiments. Solutions for injections were prepared 
by a designated experimenter, while Ip injections were per-
formed in a blinded fashion by independent investigators 
(MLC or LPD).

Spared nerve injury (SNI)

The SNI procedure was performed following Decosterd and 
Woolf (21). Rats were anesthetized with 5% isoflurane in 

Fig. 1  The study was conducted using adult male wistar rats. Neu-
ropathic pain was induced via the spared nerve injury (SNI) model, 
where the tibial and peroneal branches of the sciatic nnerve were 
severed, leaving the sural nerve intact. Following recovery, morphine 
tolerance was induced by administering morphine (5 mg/kg, sc) twice 
daily for 7 days. On day 8, rats received an acute injection of can-

nabidiol (CBD, 20 mg/kg, Ip). Finally, brain regions and serum were 
collected for biochemical analysis, where tryptophan (TRP) and its 
downstream metabolites were quantified using high-performance liq-
uid chromatography (HPLC) equipped with fluorometric and UV-VIS 
detectors
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Quantification of Trp and its degradation into 5-HT 
and Kyn

Quantitative analysis of TRP, 5-HTP, 5-HT, and its metabo-
lite 5-HIAA, KYN, and DA, was performed in the PFC, hip-
pocampus, brainstem, and midbrain of SNI rats tolerant and 
nontolerant to morphine and treated with vehicle or CBD 
(VEH n = 10–14, CBD n = 10–14) using a well-validated 
HPLC method in our laboratory [24]. Briefly, brain regions 
were homogenized and sonicated for 2 min in 200 μL of 
a 0.2 M perchloric acid solution and then centrifuged for 
6 min at 13.000 g at 4 °C. In serum samples, protein pre-
cipitation was conducted by adding 100 µl of acetonitrile 
to 100 µl of serum; the samples were then centrifuged for 
6 min at 13.000 g and the supernatant collected for the 
analysis of TRP, 5-HTP, 5-HT, and KYN. Separation and 
then quantification of TRP, 5-HTP, 5-HT, 5-HIAA, and DA 
were carried out with a Shimadzu LC-10AD HPLC system 
equipped with a Shimadzu RF-10AXL fluorometric detec-
tor set at excitation and emission wavelengths of 279 and 
320 nm, respectively. Chromatographic separation was per-
formed on an Apollo C18 (5 μm; 250 mm ×4.6 mm) column 
(Sepachrom Mega Srl, Milan, IT) using a mobile phase at 
a flow rate of 1 mL/min composed of milliQ water/acetoni-
trile (5% water, 95% acetonitrile) and milliQ water/metha-
nol (90% water, 10% methanol) in a 5:95 v/v, respectively, 
that were acidified with orthophosphoric acid to a pH of 3.5. 
KYN was determined using a Shimadzu LC-10AD HPLC 
system equipped with a Shimadzu SPD-10A UV-VIS detec-
tor set at 360 nm, a Robusta C18 (5 μm; 250 mm ×4.6 mm) 
column (Sepachrom Mega Srl, Milano, IT), and a mobile 
phase as indicated above for TRP metabolites via 5-HT, at a 
flow rate of 1 ml/min. The KYN/TRP and 5-HTP/TRP ratios 
were calculated as an indirect measure of the activity of the 
IDO and tryptophan 5-hydroxylase (TPH) enzymes, respec-
tively [29, 30]. Biomarker analysis and quantification were 
conducted in blinded conditions by S.N., A.B. and S.C.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 
Version 8.0.0 for Windows (GraphPad Software, San Diego, 
CA, USA). The Shapiro-Wilk normality test was used to 
assess the normality of the data. Three-way ANOVA fol-
lowed by the Bonferroni multiple comparison post hoc test 
was used to evaluate the effects of morphine tolerance, CBD 
treatment, and time post CBD treatment on mechanical 
hypersensitivity. For biochemical data, a two-way ANOVA 

oxygen and maintained with 2–3% isoflurane during sur-
gery, with the absence of a toe-pinch reflex confirming full 
anesthesia. An ophthalmic ointment was applied before 
starting surgery to protect the eyes. The right hind limb 
was shaved, and an incision was made to expose the sci-
atic nerve. The common peroneal and tibial branches of the 
nerve were ligated with 4.0 mm vicryl suture and transected, 
leaving the sural nerve intact. The muscle layer was sutured 
with 3.0 vicryl, and the skin was closed with EZclips. Car-
profen (5 mg/kg, sc) was administered preoperatively and 
for 2 days postoperatively for analgesia. Wound closures 
were removed 10 days after surgery.

Assessment of mechanical hypersensitivity

Fourteen days after SNI, rats weighing approximately 300 g 
were tested for mechanical hypersensitivity using von Frey 
filaments through the up-down method described by Chap-
lan et al. [26].

Briefly, rats (n = 12–13/group) were placed in individual 
plexiglass cubicles on a wire mesh surface and allowed to 
habituate for 45 min. First, a filament exerting a standard 
force of 4.31 grams was applied to the plantar surface of the 
right hind paw, ipsilateral to the nerve injury, for 10 s. If the 
stimulus elicited a withdrawal of the paw, a lower force was 
applied; if no response occurred, a higher force was used, up 
to a maximum of 15 g.

The 50% Paw withdrawal threshold (PWT) was cal-
culated using the equation proposed by Dixon [27]. Rats 
with a baseline PWT < 4 g were classified as allodynic and 
included in the study [26, 28], while the two rats display-
ing motor impairments (e.g., a visible limp, foot drop, or 
paw dragging) were excluded. Behavioral assessments of 
mechanical hypersensitivity using Von Frey filaments were 
performed in a blinded fashion by independent investigators 
(MLC or LPD).

Euthanasia and tissue preparation

Six hours after the injection of CBD or vehicle, rats were 
anesthetized with 5% isoflurane in oxygen until full anes-
thesia was achieved, then euthanized by decapitation. Blood 
was collected from the trunk, left at room temperature for 
10–15 min to clot, centrifuged at 4 °C and 2000 rpm for 
10 min, and the serum was collected and stored at −80 °C 
until the analysis. The brain was rapidly dissected, and the 
PFC, hippocampus, midbrain, and brainstem were flash fro-
zen in dry ice and stored at −80 °C until the analyses.
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However, by Day 7, morphine-treated rats exhibited a sig-
nificant decrease in the paw withdrawal threshold (PWT) 
relative to Day 1, indicating the development of morphine 
tolerance. In contrast, vehicle-treated rats did not show sig-
nificant changes in PWT over time.

As shown in Fig. 2B–C, CBD (20 mg/kg) significantly 
modulated mechanical hypersensitivity in NP-like behav-
iour of rats, with differential effects depending on mor-
phine tolerance. Three-way ANOVA revealed significant 
main effects of time (F 6, 126 = 11.66, p < 0.0001), morphine 
tolerance (F 1, 21 = 17.49, p = 0.0004), and CBD treatment 
(F 1, 21 = 34.36, p < 0.0001). Significant interactions were 
also found between time and tolerance (F 6, 126 = 6.612, 
p < 0.0001), time and CBD (F 6, 126 = 10.34, p < 0.0001), 
tolerance and CBD (F 1, 21 = 10.42, p = 0.0040), as well 
as between time, tolerance, and CBD (F 6, 126 = 10.18, 
p < 0.0001), indicating that the mechanical hypersensitivi-
tyresponse to CBD varies over time and is influenced by 
prior repeated morphine exposure. However, although CBD 
administration produces a modest increase in PWT thresh-
olds in morphine-tolerant SNI rats, these effects remain 
below the established anti-allodynic threshold, represented 
by the red dashed line in Fig. 2B.

To further quantify the overall effect during the 5-hour 
follow-up, the analysis of the area under the curve (AUC) 
was performed. Two-way ANOVA of AUC (Fig. 2C) con-
firmed significant main effects of morphine tolerance (F 

was performed to evaluate the main effects of morphine tol-
erance and CBD treatment. When significant interactions 
or main effects were found, Bonferroni’s multiple compari-
son post hoc test was applied. Post hoc comparisons were 
performed for all simple main effects to comprehensively 
assess differences between all group combinations and eval-
uate the restoration to non-tolerant levels. The significance 
level was set at p < 0.05. Data are expressed as mean ± stan-
dard error of the mean (SEM).

Results

Modest analgesic effects of CBD in morphine-
tolerant NP rats

The effects of morphine tolerance and CBD treatment on 
mechanical hypersensitivity, assessed as a measure of NP-
related responses, are presented in Fig. 2. Repeated mor-
phine administration over seven days induced tolerance to its 
analgesic effects in NP rats. This was evidenced by a signifi-
cant time ×morphine interaction (F 2, 46 = 340.2, p < 0.0001) 
and a significant main effect of morphine (F 1, 23 = 353.2, 
p < 0.0001) and time (F 1.937, 44.56 = 335.1, p < 0.0001). Post 
hoc Bonferroni comparisons confirmed that mechanical 
hypersensitivity was significantly attenuated on Day 1 (D1) 
of morphine treatment compared to vehicle-treated rats. 

Fig. 2  Cannabidiol (CBD) alleviates mechanical hypersensitivity 
in sciatic nerved injured (SNI) rats. (A) Repeated morphine admin-
istration (5 mg/kg, sc, twice daily for 7 days) significantly reduced 
mechanical hypersensitivity on Day 1, followed by a loss of efficacy 
by Day 7, confirming the development of morphine tolerance in SNI 
rats. (B) Time course of paw withdrawal threshold (PWT) following 
a single administration of CBD (20 mg/kg, ip) in morphine-tolerant 
and non-tolerant rats. Three-way ANOVA revealed significant main 
effects of time (p < 0.0001), tolerance (p = 0.0004), and CBD treat-
ment (p < 0.0001), as well as significant interactions (time × tolerance, 

time × CBD treatment, and tolerance × CBD treatment), indicating that 
the effect of CBD on mechanical hypersensitivity was modulated by 
morphine tolerance. (C) Area under the curve (AUC) analysis of the 
PWT over the 5-hour testing period revealed significant main effects 
of morphine tolerance and CBD treatment (***p < 0.001), without a 
significant interaction. Data are presented as mean ± SEM (N = 5–7 
rats per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
two-way ANOVA for repeated measures followed by Bonferroni post 
hoc test. # p < 0.05, ###p < 0.001, main effect of morphine tolerance or 
CBD treatment following two-way ANOVA
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×CBD treatment: F 1, 17 = 0.011, p = 0.9188; Fig. 3B). Con-
cerning PFC levels of 5-HTP (effect of morphine toler-
ance: F 1, 21 = 17.92, p = 0.0004; effect of CBD treatment: 
F 1, 21 = 5.632, p = 0.0273; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 12.56, p = 0.0019; Fig. 3C), CBD 
treatment increased 5-HTP levels in SNI rats not tolerant 
to morphine, but this effect was not observed in morphine-
tolerant rats. Morphine tolerance and CBD treatment had no 
significant effects on the PFC levels of 5-HT (effect of mor-
phine tolerance: F 1, 21 = 2.966, p = 0.0998; effect of CBD 
treatment: F 1, 21 = 3.343, p = 0.0817; interaction morphine 
tolerance ×CBD treatment: F 1, 21 = 1.027, p = 0.3225; Fig. 
3D), 5-HIAA (effect of morphine tolerance: F 1, 21 = 0.2375, 

1, 21 = 6.211, p = 0.0211) and CBD treatment (F 1, 21 = 18.67, 
p = 0.0003), although no significant interaction between the 
two factors was observed (F 1, 21 = 2.111, p = 0.1610).

Prefrontal cortex (PFC)

The levels of various metabolites in the PFC of SNI rats tol-
erant to morphine and treated with CBD are shown in Fig. 3.

SNI rats that developed tolerance to morphine exhibited 
significantly lower PFC levels of TRP compared to non-tol-
erant rats, regardless of CBD treatment (effect of morphine 
tolerance: F 1, 17 = 13.8, p = 0.0016; effect of CBD treatment: 
F 1, 17 = 0.60, p = 0.4467; interaction morphine tolerance 

Fig. 3  Effects of cannabidiol (CBD) treatment in sciatic nerve injured 
(SNI) rats tolerant (morphine TOL.) and non-tolerant (NO TOL.) to 
morphine on the metabolites of the tryptophan to serotonin and kyn-
urenine pathways and dopamine in the prefrontal cortex (PFC): pan-
els show (a) Sagittal section of PFC rat brain (Coordinates: Interaural 
11.76 mm, Bregma 2.76 mm), from Paxinos and Watson [31], PFC 
levels of (b) Tryptophan (TRP), (c) 5-hydroxytryptophan (5-HTP), 
(d) 5-hydroxytryptamine (5-HT), (e) 5-hydroxyindole acetic acid 
(5-HIAA), (f) Kynurenine (KYN), (g) 5-HTP/TRP*1000 ratio as a 

proxy of the activity of the enzyme tryptophan 5-hydroxylase (TPH), 
(h) KYN/TRP*1000 ratio as a proxy of the activity of the enzyme 
indoleamine 2,3-dioxygenase (IDO), and (i) Dopamine (DA). Data are 
presented as mean ± SEM (N = 5–7 rats per group) with individual val-
ues indicated by dots (vehicle, veh) or triangles (CBD). **p < 0.01 and 
***p < 0.001, two-way ANOVA followed by Bonferroni post hoc test. 
# p < 0.05 and ## p < 0.01 main effect of morphine tolerance following 
two-way ANOVA
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morphine-tolerant rats compared with non-tolerant rats 
independently of CBD treatment (effect of morphine toler-
ance: F 1, 21 = 8,790, p = 0.0074; effect of CBD treatment: 
F 1, 21 = 1.720, p = 0.2039; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 0.000, p = 0.9846; Fig. 3I)).

Hippocampus

The levels of the various metabolites in the hippocampus 
of SNI rats tolerant to morphine and treated with CBD are 
presented in Fig. 4. Unlike in the PFC, the levels of TRP 
(effect of morphine tolerance: F 1, 21 = 0.9139, p = 0.755; 
effect of CBD treatment: F 1, 21 = 0.5290, p = 0.0885; inter-
action morphine tolerance ×CBD treatment: F 1, 21 = 0.434, 
p = 0.3121; Fig. 4B) and 5-HTP (effect of morphine toler-
ance: F 1, 21 = 0.9139, p = 0.3500; effect of CBD treatment: 
F 1, 21 = 0.5290, p = 0.4750; interaction morphine tolerance 

p = 0.6311; effect of CBD treatment: F 1, 21 = 0.0121, 
p = 0.9135; interaction morphine tolerance ×CBD treatment: 
F 1, 21 = 0.0104, p = 0.9199; Fig. 3E), the KYN/TRP*1000 
ratio (effect of morphine tolerance: F 1, 21 = 2.693, p = 0.1164; 
effect of CBD treatment: F 1, 21 = 0.0411, p = 0.8415; inter-
action morphine tolerance ×CBD treatment: F 1, 21 = 2.693, 
p = 0.1164; Fig. 3G), or the 5-HTP/TRP*1000 ratio (effect 
of morphine tolerance: F 1, 21 = 0.0954, p = 0.761; effect 
of CBD treatment: F 1, 21 = 0.0559, p = 0.4636; interac-
tion morphine tolerance ×CBD treatment: F 1, 21 = 5.418, 
p = 0.0311; Fig. 3H). Interestingly, PFC KYN levels were 
significantly lower in morphine-tolerant rats compared to 
non-tolerant rats, with no detectable effects of CBD (effect 
of morphine tolerance: F 1, 21 = 5.387, p = 0.0304; effect of 
CBD treatment: F 1, 21 = 0.000, p = 0.998; interaction mor-
phine tolerance ×CBD treatment: F 1, 21 = 3.969, p = 0.095; 
Fig. 3F). Finally, PFC DA levels were also reduced in 

Fig. 4  Effects of cannabidiol (CBD) treatment in sciatic nerve injured 
(SNI) rats tolerant (morphine TOL.) and non-tolerant (NO-TOL.) to 
morphine on the metabolites of the tryptophan to serotonin and kyn-
urenine pathways and dopamine in the hippocampus: panels show (a) 
Sagittal section of hippocampus rat brain (coordinate: lateral 0.40 mm), 
from Paxinos and Watson [31], levels of (b) Tryptophan (TRP), (c) 
5-hydroxytryptophan (5-HTP), (d) 5-hydroxytryptamine (5-HT), (e) 
5-hydroxyindole acetic acid (5-HIAA), (f) Kynurenine (KYN), (g) 

5-HTP/TRP*1000 ratio as a proxy of the activity of the enzyme tryp-
tophan 5-hydroxylase (TPH), (h) KYN/TRP*1000 ratio as a proxy of 
the activity of the enzyme indoleamine 2,3-dioxygenase (IDO), and 
(i) Dopamine (DA). Data are presented as mean ± SEM (N = 5–7 rats 
per group) with individual values indicated by dots (vehicle, veh) or 
triangles (CBD). **p < 0.01 and ****p < 0.0001, two-way ANOVA fol-
lowed by Bonferroni post hoc test. # p < 0.05 main effect of morphine 
tolerance or CBD treatment following two-way ANOVA
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treated with CBD are shown in Fig. 5. Midbrain levels of 
TRP (effect of morphine tolerance: F 1, 21 = 10.82, p = 0.0035; 
effect of CBD treatment: F 1, 21 = 1.218, p = 0.2823; interac-
tion morphine tolerance ×CBD treatment: F 1, 21 = 5.752, 
p = 0.0258; Fig. 5B), 5-HTP (effect of morphine toler-
ance: F 1, 21 = 8–337, p = 0.0088; effect of CBD treatment: 
F 1, 21 = 0.5067, p = 0.4844; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 4–753, p = 0.0408; Fig. 5C), 5-HT 
(effect of morphine tolerance: F 1, 21 = 7.406, p = 0.0128; 
effect of CBD treatment: F 1, 21 = 0.2067, p = 0.6540; inter-
action morphine tolerance ×CBD treatment: F 1, 21 = 6.479, 
p = 0.0188; Fig. 5D), and 5-HIAA (effect of morphine tol-
erance: F 1, 21 = 10.53, p = 0.0039; effect of CBD treatment: 
F 1, 21 = 0.2420, p = 0.6278; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 7.408, p = 0.0128; Fig. 5E) were 
significantly influenced by the interaction of morphine tol-
erance ×CBD treatment. Specifically, SNI rats tolerant to 
morphine and treated with VEH exhibited significantly 
lower levels of TRP, 5-HTP, 5-HT, and 5-HIAA compared 
to non-tolerant VEH-treated rats (Fig. 5B–E). Moreover, the 
levels of TRP were significantly lower in SNI rats tolerant to 
morphine and treated with CBD compared to non-tolerant 
rats treated with VEH.

Both KYN levels (effect of morphine tolerance: F 
1, 21 = 20.68, p = 0.0002; effect of CBD treatment: F 
1, 21 = 2.484, p = 0.1307; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 0.5369, p = 0.4722; Fig. 5F) 
and the KYN/TRP *1000 ratio (effect of morphine toler-
ance: F 1, 21 = 23.74, p < 0.0001; effect of CBD treatment: 
F 1, 21 = 1.583, p = 0.2228; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 2.297, p = 0.1453; Fig. 5G) were 
significantly affected by morphine tolerance, with higher 
values observed in tolerant than in non-tolerant rats regard-
less of CBD treatment. The 5-HTP/TRP*1000 ratio (effect 
of morphine tolerance: F 1, 21 = 7.905, p = 0.0111; effect of 
CBD treatment: F 1, 21 = 9.012, p = 0.0073; interaction mor-
phine tolerance ×CBD treatment: F 1, 21 = 0.004, p = 0.9501; 
Fig. 5H) was significantly affected by morphine tolerance, 
with lower values observed in tolerant than in non-tolerant 
rats regardless of CBD treatment, and by CBD treatment, 
with the 5-HTP/TRP*1000 ratio significantlty increased by 
CBD compared to VEH treatment, reardelss of morphine 
tolerance (Fig. 5H).

Similar to TRP, DA levels (effect of morphine toler-
ance: F 1, 21 = 7.060, p = 0.0147; effect of CBD treatment: 
F 1, 21 = 0.7799, p = 0.3872; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 7.060, p = 0.0147; Fig. 5I) were 
significantly higher in non-tolerant SNI rats treated with 
VEH compared to morphine-tolerant rats treated with either 
VEH or CBD.

×CBD treatment: F 1, 21 = 0.1434, p = 0.7087; Fig. 4C) in 
the hippocampus were not affected by morphine tolerance 
or CBD treatment. However, the 5-HTP/TRP*1000 ratio 
was significantly higher in CDB-treated animals, regard-
less of morphine tolerance status (effect of morphine toler-
ance: F 1, 21 = 0.4292, p = 0.5195; effect of CBD treatment: 
F 1, 21 = 6.559, p = 0.4292; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 2.401, p = 0.1362; Fig. 4H).

Morphine-tolerant rats treated with CBD exhibited sig-
nificantly lower levels of 5-HT (effect of morphine toler-
ance: F 1, 21 = 12.44, p = 0.0020; effect of CBD treatment: 
F 1, 21 = 0.0112, p = 0.9166; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 5.979, p = 0.0234; Fig. 4D) com-
pared to non-tolerant animals receiving CBD. While an 
interaction of morphine tolerance ×CBD treatment was 
detected for hippocampal levels of 5-HIAA, no significant 
differences were observed among the experimental groups 
(effect of morphine tolerance: F 1, 21 = 1.376, p = 0.2540; 
effect of CBD treatment: F 1, 21 = 0.3214, p = 0.5768; inter-
action morphine tolerance ×CBD treatment: F 1, 21 = 7.511, 
p = 0.0123; Fig. 4E). CBD treatment significantly reduced 
the hippocampal levels of KYN in both morphine-tolerant 
and non-tolerant SNI rats compared with VEH-treated 
controls (effect of morphine tolerance: F 1, 21 = 45.00, 
p < 0.0001; effect of CBD treatment: F 1, 21 = 78.81, 
p < 0.0001; interaction morphine tolerance ×CBD treat-
ment: F 1, 21 = 7.459, p = 0.0125; Fig. 4F)). Furthermore, 
KYN levels were lower in morphine-tolerant animals 
treated with both VEH and CBD than in non-tolerant 
VEH-treated rats. No significant changes were observed 
in the hippocampal KYN/TRP*1000 ratio (effect of mor-
phine tolerance: F 1, 21 = 0.3960, p = 0.5360; effect of CBD 
treatment: F 1, 21 = 2.440, p = 0.1332; interaction morphine 
tolerance ×CBD treatment: F 1, 21 = 0.3486, p = 0.5612; 
Fig. 4G) or DA levels (effect of morphine tolerance: 
F 1, 21 = 0.6275, p = 0.4371; effect of CBD treatment: F 
1, 21 = 0.7606, p = 0.3930; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 0.000, p = 0.9320; Fig. 4I) in 
response to morphine tolerance or CBD treatment.

Midbrain

The midbrain comprises key monoaminergic nuclei, includ-
ing the dorsal raphe nucleus and the ventral tegmental 
area, which serve as major sources of central serotonin and 
dopamine, respectively. Given their central role in pain 
modulation, affective processing, and reward, this region is 
particularly relevant for evaluating alterations in monoami-
nergic neurotransmission. The levels of the various metabo-
lites in the midbrain of SNI rats tolerant to morphine and 
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tolerance: F 1, 21 = 84.00, p < 0.0001; effect of CBD treat-
ment: F 1, 21 = 58.54, p < 0.0001; interaction morphine tol-
erance ×CBD treatment: F 1, 21 = 61.46, p < 0.0001; Fig. 
6C). Neither morphine tolerance nor CBD significantly 
altered the levels of 5-HT (effect of morphine tolerance: 
F 1, 21 = 0.2913, p = 0.5951; effect of CBD treatment: F 
1, 21 = 0.3269, p = 0.5736; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 2–206, p = 0.1523; Fig. 6D), KYN 
(effect of morphine tolerance: F 1, 21 = 0.2676, p = 0.6106; 
effect of CBD treatment: F 1, 21 = 1.141, p = 0.2981; inter-
action morphine tolerance ×CBD treatment: F 1, 21 = 1.937, 
p = 0.1793; Fig. 6F), or the KYN/TRP *1000 ratio (effect 
of morphine tolerance: F 1, 21 = 0.2309, p = 0.6361; effect of 
CBD treatment: F 1, 21 = 0.0185, p = 0.8931; interaction mor-
phine tolerance ×CBD treatment: F 1, 21 = 3.783, p = 0.0660; 

Brainstem

The levels of various metabolites in the brainstem of SNI 
rats tolerant to morphine and treated with CBD are reported 
in Fig. 6.

CBD treatment significantly reduced TRP levels in the 
brainstem compared to VEH-treated animals (effect of mor-
phine tolerance: F 1, 21 = 2.632, p = 0.1197; effect of CBD 
treatment: F 1, 21 = 4.719, p = 0.0414; interaction morphine 
tolerance ×CBD treatment: F 1, 21 = 0.008, p = 0.9266; Fig. 
6B). Morphine tolerance significantly increased the levels 
of 5-HTP compared to non-tolerant animals, whereas CBD 
treatment normalized 5-HTP levels in morphine-tolerant 
SNI rats to control levels. However, no significant effect of 
CBD was observed in non-tolerant rats (effect of morphine 

Fig. 5  Effects of cannabidiol (CBD) treatment in sciatic nerve injured 
(SNI) rats tolerant (morphine TOL.) and non-tolerant (NO TOL.) to 
morphine on the metabolites of the tryptophan to serotonin and kyn-
urenine pathways and dopamine in the midbrain: panels show (a) 
sagittal section of midbrain rat brain (coordinate: lateral 0.40 mm), 
from Paxinos and Watson [31], levels of (b) tryptophan (TRP), (c) 
5-hydroxytryptophan (5-HTP), (d) 5-hydroxytryptamine (5-HT), (e) 
5-hydroxyindole acetic acid (5-HIAA), (f) kynurenine (KYN), (g) 
5-HTP/TRP*1000 ratio as a proxy of the activity of the enzyme tryp-

tophan 5-hydroxylase (TPH), (h) KYN/TRP*1000 ratio as a proxy of 
the activity of the enzyme indoleamine 2,3-dioxygenase (IDO), and 
(i) dopamine (DA). Data are presented as mean ± SEM (N = 5–7 rats 
per group) with individual values indicated by dots (vehicle, veh) or 
triangles (CBD). *p < 0.05, **p < 0.01 and ****p < 0.0001, two-way 
ANOVA followed by Bonferroni post hoc test. # p < 0.05, ## p < 0.01, 
### p < 0.001, and #### p < 0.0001, main effect of morphine tolerance 
or CBD treatment following two-way ANOVA
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CBD treatment reversed it to control levels in morphine-
tolerant SNI rats. Regarding DA, CBD treatment signifi-
cantly reduced DA levels in morphine-tolerant SNI rats 
(p = 0.0033) but had no effect in non-tolerant animals (effect 
of morphine tolerance: F 1, 21 = 0.065, p = 0.8013; effect of 
CBD treatment: F 1, 21 = 9.720 p = 0.005; interaction mor-
phine tolerance ×CBD treatment: F 1, 21 = 7.254, p = 0.0140; 
Fig. 6I).

Serum

The levels of various metabolites in the serum of SNI rats 
tolerant to morphine and treated with CBD are reported in 
Fig. 7.

Fig. 6G). A significant interaction between morphine tol-
erance and CBD treatment (F 1, 21 = 5.256, p = 0.0328) 
but no effects of either factors (effect of morphine toler-
ance: F 1, 21 = 1.299, p = 0.2679; effect of CBD treatment: 
F 1, 21 = 0.4785, p = 0.4970) was found for the levels of 
5-HIAA (Fig. 6E).

An interaction between morphine tolerance and CBD 
treatment and an effects of both factors was observed on 
the 5-HTP/TRP*1000 ratio (effect of morphine toler-
ance: F 1, 21 = 82.66, p < 0.0001; effect of CBD treatment: 
F 1, 21 = 49.84, p < 0.0001; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 55.16, p < 0.0001; Fig. 6H). 
Post-hoc omparisons showed that tolerance to morphine 
significantly increased the 5-HTP/TRP*1000 ratio, while 

Fig. 6  Effects of cannabidiol (CBD) treatment in sciatic nerve injured 
(SNI) rats tolerant (morphine TOL.) and non-tolerant (NO TOL.) to 
morphine on the metabolites of the tryptophan to serotonin and kyn-
urenine pathways and dopamine in the brainstem: panels show (a) 
sagittal section of brainstem rat brain (coordinate: lateral 0.40 mm), 
from Paxinos and Watson [31], levels of (b) tryptophan (TRP), (c) 
5-hydroxytryptophan (5-HTP), (d) 5-hydroxytryptamine (5-HT), (e) 
5-hydroxyindole acetic acid (5-HIAA), (f) kynurenine (KYN), (g) 

5-HTP/TRP*1000 ratio as a proxy of the activity of the enzyme tryp-
tophan 5-hydroxylase (TPH), (h) KYN/TRP*1000 ratio as a proxy of 
the activity of the enzyme indoleamine 2,3-dioxygenase (IDO), and 
(i) dopamine (DA). Data are presented as mean ± SEM (N = 5–7 rats 
per group) with individual values indicated by dots (vehicle, veh) or 
triangles (CBD).**p < 0.01 and ****p < 0.0001, two-way ANOVA fol-
lowed by Bonferroni post hoc test. # p < 0.05, main effect of morphine 
tolerance or CBD treatment following two-way ANOVA
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×CBD treatment: F 1, 21 = 3.135, p = 0.0912Fig. 7A). No 
significant effects of morphine tolerance or CBD treat-
ment were observed on 5-HTP (effect of morphine toler-
ance: F 1, 21 = 1.313, p = 0.2647; effect of CBD treatment: 

CBD treatment significantly reduced serum TRP levels, 
independent of morphine tolerance (effect of morphine tol-
erance: F 1, 21 = 3.253, p = 0.0856; effect of CBD treatment: 
F 1, 21 = 5.423, p = 0.0299; interaction morphine tolerance 

Fig. 7  Effects of cannabidiol (CBD) treatment in sciatic nerve injured 
(SNI) rats tolerant (morphine TOL.) and non-tolerant (NO TOL.) to 
morphine on the metabolites of the tryptophan to serotonin and kyn-
urenine pathways in the serum: panels show levels of (a) Tryptophan 
(TRP), (b) 5-hydroxytryptophan (5-HTP), (c) 5-hydroxytryptamine 
(5-HT), (d) Kynurenine (KYN), (e) Enzyme tryptophan hydroxylase 
(TPH) activity and (f) 5-HTP/TRP*1000 ratio as a proxy of the activ-

ity of the enzyme tryptophan 5-hydroxylase (TPH), and (g) KYN/
TRP*1000 ratio as a proxy of the activity of the enzyme indoleamine 
2,3-dioxygenase (IDO). Data are presented as mean ± SEM (N = 5–7 
rats per group) with individual values indicated by dots (vehicle, veh) 
or triangles (CBD). *p < 0.05, two-way ANOVA followed by Bonfer-
roni post hoc test. # p < 0.05, main effect of CBD treatment following 
two-way ANOVA
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(effect of morphine tolerance: F 1, 21 = 2.595, p = 0.1221; 
effect of CBD treatment: F 1, 21 = 7.249, p = 0.0136; inter-
action morphine tolerance ×CBD treatment: F 1, 21 = 1.181, 
p = 0.2895; Fig. 7F).

Discussion

This study investigated the effects of a single injection of 
CBD on TRP metabolism and DA in a rat model of NP tol-
erant to morphine. Chronic morphine administration led to 
a progressive decrease in the PWT, confirming the devel-
opment of tolerance. Notably, behavioral data revealed a 
significant effect of CBD (20 mg/kg) on mechanical hyper-
sensitivity independent of the development of morphine 
tolerance. However, it is important to note that when CBD 
was administered to rats with established morphine toler-
ance, it exerted a modest effect on mechanical hypersensi-
tivity, without fully restoring the antinociceptive threshold 

F 1, 21 = 0.1660, p = 0.6878; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 2.159, p = 0.1565; Fig. 7B) and 
KYN levels (effect of morphine tolerance: F 1, 21 = 0.2670, 
p = 0.6108; effect of CBD treatment: F 1, 21 = 0.9434, 
p = 0.3424; interaction morphine tolerance ×CBD treat-
ment: F 1, 21 = 0.1671, p = 0.6868; Fig. 7D), or the KYN/TRP 
*1000 ratio (effect of morphine tolerance: F 1, 21 = 0.5578, 
p = 0.4634; effect of CBD treatment: F 1, 21 = 0.3014, 
p = 0.5888; interaction morphine tolerance ×CBD treat-
ment: F 1, 21 = 0.4872, p = 0.4929; Fig. 7E). Serum levels of 
5-HT were significantly higher in morphine-tolerant rats 
compared to non-tolerant animals. However, CBD treat-
ment reduced 5-HT levels in morphine-tolerant rats to levels 
comparable to non-tolerant animals (effect of morphine tol-
erance: F 1, 21 = 4.437, p = 0.0487; effect of CBD treatment: 
F 1, 21 = 4.522, p = 0.0468; interaction morphine tolerance 
×CBD treatment: F 1, 21 = 7.751, p = 0.0118; Fig. 7C). Finally, 
the 5-HTP/TRP*1000 ratio was significantly increased by 
CBD treatment, regardless of morphine tolerance status 

Fig. 8  Summary of neurochemical changes induced by CBD in mor-
phine-tolerant rats across different brain regions and serum. This sche-
matic summarizes the direction of significant changes in tryptophan 
metabolism and dopamine (DA) levels in morphine-tolerant SNI rats 
following CBD treatment (20 mg/kg, ip). Arrows indicate the direction 
of significant effects observed in each region: ↓ = decrease; ↑ = increase; 

⦰ = no significant change. Tryptophan (TRP), 5-hydroxytryptophan 
(5-HTP), serotonin (5-HT), its metabolite 5-hydroxyindoleacetic acid 
(5-HIAA), kynurenine (KYN), and dopamine (DA). TPH, tryptophan 
hydroxylase; IDO, indoleamine 2,3-dioxygenase. HIPPO, hippocam-
pus; PFC, prefrontal cortex
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neuroinflammatory processes [32]. The descending pain 
modulatory pathway, including the periaqueductal gray 
(PAG), rostroventral medulla (RVM), and PFC, is essential 
for opioid-induced analgesia [33–37]. In addition, the hip-
pocampus, traditionally known for its role in learning and 
memory, is now recognized as an important structure in pain 
modulation, especially chronic pain [38, 39]. It receives 
nociceptive input through both direct spinal projections and 
indirect ascending pathways, allowing it to participate in 
the integration of sensory, cognitive, and emotional aspects 
of the pain experience. Structural and functional alterations 
of the hippocampus, such as reduced volume and disrupted 
connectivity, have been consistently observed in individu-
als with chronic pain [39]. These changes are often accom-
panied by cognitive impairments and affective symptoms, 
including memory deficits, anxiety, and depression. Fur-
thermore, variations in hippocampal integrity appear to 
influence pain sensitivity, and emerging evidence suggests 
that distinct hippocampal subregions may play differen-
tial roles in pain processing [39, 40]. Morphine tolerance 
was associated with altered TRP metabolism, particularly 
in the midbrain and PFC. Indeed, morphine-tolerant rats 
exhibited significantly lower levels of TRP and its metabo-
lites along the 5-HT pathway, including 5-HTP, 5-HT, and 
5-hydroxyindoleacetic acid (5-HIAA), in the midbrain, sug-
gesting impaired TRP availability and metabolism along 
the 5-HT function, potentially weakening endogenous pain 
modulation. The mechanisms underlying morphine toler-
ance involve complex neuroadaptive changes, including 
the β-arrestin pathway. Indeed, chronic morphine exposure 
promotes β-arrestin recruitment to the mu opioid receptor 
(MOR), leading to MOR desensitization and internalization 
[41]. Our findings suggest that the altered TRP metabolism 
in morphine tolerance could be a downstream consequence 
of β-arrestin-mediated dysregulation [42]. The effect on 
mechanical hypersensitivity observed after a single dose 
of CBD (20 mg/kg), although of limited magnitude in 
morphine-tolerant animals, suggests that CBD may influ-
ence opioid receptor responsiveness, potentially through 
mechanisms involving β-arrestin-mediated signaling and 
receptor desensitization. This highlights the need for further 
studies to dissect the interaction between CBD and intra-
cellular pathways regulating opioid tolerance. Interestingly, 
we observed that CBD treatment significantly increased the 
5-HTP/TRP ratio in the hippocampus and midbrain, sug-
gesting enhanced TPH activity, the rate-limiting enzyme 
in 5-HT synthesis [43]. This aligns with our previous find-
ings showing that CBD modulates 5-HT neuronal activity 
in the dorsal raphe nucleus [25]. However, this enzymatic 
enhancement did not translate into a widespread restoration 
of 5-HT tone. Indeed, while CBD increased the 5-HTP/TRP 
ratio, suggesting enhanced 5-HT synthesis capacity, this 

to non-tolerant levels. This partial behavioral efficacy paral-
lels our neurochemical findings showing that CBD did not 
induce a global reversal of all morphine-induced metabolic 
alterations but a selective modulation of TRP metabolism 
and DA within specific key regions involved in pain. Indeed, 
CBD significantly modulated TRP metabolism in mor-
phine-tolerant animals (see Fig. 8 for a summary of main 
findings), as evidenced by an increased 5-HTP/TRP ratio 
in the hippocampus and midbrain and reduced KYN lev-
els in the hippocampus, suggesting a metabolic shift toward 
5-HT synthesis. Moreover, CBD decreased DA levels in the 
brainstem and altered peripheral TRP metabolism, reducing 
both TRP and 5-HT concentrations and lowering the 5-HTP/
TRP ratio in serum. These findings indicate that while a 
single injection of CBD primarily alleviates mechanical 
hypersensitivity in the absence of morphine tolerance, its 
antinociceptive effects under tolerant conditions remain 
limited despite clear neurochemical actions on TRP metabo-
lism and DA. Crucially, these data highlight a dissociation 
between neurochemical modulation and behavioral recov-
ery in the morphine tolerant state. It is important to note 
that neurochemical assessments were performed 6 hours 
post-administration, a time point when the acute effects had 
largely diminished. Therefore, the observed neurochemical 
profile reflects long-term metabolic modulation rather than 
the real-time neurochemical correlates of acute analgesia. 
These differential effects likely indicate that localized and 
sustained modulation of TRP metabolism and partial correc-
tion of morphine-induced neurochemical imbalances may 
not be sufficient to overcome the functional analgesic defi-
cits associated with opioid tolerance. Specifically, CBD pro-
motes the conversion of TRP into 5-HT rather than KYN, 
particularly in the midbrain and hippocampus, likely via 
activation of TPH, the rate-limiting enzyme in 5-HT bio-
synthesis. It should be noted that in some brain regions and 
for several TRP metabolites, as well as for the CBD behav-
ioural effect, there is an absence of a significant morphine 
tolerance ×CBD treatment interaction. Consequently, this 
has limited the ability to statistically differentiate the effects 
of CBD in morphine tolerant versus non-tolerant SNI rats. 
From a biological perspective, this lack of interaction sug-
gests that the observed neurochemical effects of morphine 
tolerance and acute CBD treatment likely occur through 
additive or parallel independent mechanisms rather than 
synergistic or antagonistic ones.

Morphine tolerance, CBD, and serotonergic pathway 
modulation

TRP metabolism plays a central role in both 5-HT syn-
thesis and KYN pathway activation, two interconnected 
systems critically involved in the modulation of pain and 
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that morphine tolerance is associated with reduced DA lev-
els in the PFC and midbrain, consistent with previous find-
ings on chronic opioid exposure disrupting DA signaling, 
finally contributing to opioid-induced hyperalgesia and 
addiction-related behaviors [50]. Interestingly, CBD treat-
ment did not affect DA levels in the PFC or midbrain in 
morphine-tolerant rats. Additionally, it significantly reduced 
DA levels in the brainstem, an effect uniquely observed in 
the morphine-tolerant group. This suggests that CBD exerts 
region-specific effects on DA neurotransmission. Previous 
research indicates that CBD may interact with DA signaling 
via CB1, CB2, and TRPV1 receptors [58, 59] and through 
modulation of neuroinflammation [60, 61]. The observed 
decrease in brainstem DA levels following CBD treatment 
raises the possibility that CBD modulates opioid-induced 
DA dysregulation [62, 63], though whether this reduction is 
beneficial or maladaptive remains to be elucidated.

Peripheral TRP and 5-HT modulation by CBD

Serum analysis revealed that morphine-tolerant rats exhib-
ited elevated peripheral levels of 5-HT, which were effec-
tively reversed by CBD treatment [25, 64]. This may 
suggest that chronic morphine exposure enhances systemic 
5-HT production, potentially as a compensatory response 
to central 5-HT deficits. Consequently, the ability of CBD 
to modulate peripheral 5-HT homeostasis raises important 
questions regarding the cross-talk between systemic TRP 
metabolism [65] and central serotonergic signaling. While 
these findings might reflect distinct regional metabolic regu-
lations or alterations in amino acid transport kinetics across 
the blood-brain barrier, further investigations are required to 
verify the specific dynamics driving these differences in the 
morphine-tolerant state.

Limitations and future directions

While our findings provide new insights into the neuro-
chemical effects of CBD on morphine tolerance, several 
limitations should be considered. We have not included a 
non-injured (naïve or sham) control group. Consequently, 
our conclusions are strictly limited to the comparison 
between morphine-tolerant and non-tolerant states within 
the neuropathic phenotype. In our protocol, CBD was 
administered acutely at a single dose (20 mg/kg), and tis-
sues were collected at 6 hours post-administration. This 
time point allowed us to assess the lasting metabolic impact 
of CBD but implies that the neurochemical data reflect a 
state where the acute behavioral antinociception had already 
subsided. Consequently, the observed changes should be 
interpreted as long-term modulatory effects rather than the 
direct drivers of acute pain relief. Future studies should 

was not accompanied by a robust increase in 5-HT levels in 
all regions. Furthermore, critical regions for pain modula-
tion, such as the PFC, did not show the same responsiveness 
to CBD in tolerant animals as observed in non-tolerant con-
trols. This inability of CBD to engage the PFC serotonergic 
system in morphine-tolerant rats may partially explain the 
lack of robust antinociception. Overall, these findings sug-
gest that while CBD modulates TRP metabolism, its effects 
on overall 5-HT availability are complex and may involve 
region-specific mechanisms or altered reuptake/metabolism 
downstream of synthesis. Additionally, it is worth mention-
ing that CBD may indirectly modulate 5-HT by IDO [12, 
44], a key enzyme in the KYN pathway that competes for 
TRP availability for the synthesis of 5-HT.

Influence of CBD on the KYN pathway and 
neuroinflammation

Morphine tolerance was associated with significant altera-
tions in the conversion of TRP into KYN, with morphine-
tolerant rats displaying decreased KYN levels in the PFC 
and hippocampus, suggesting dysregulated TRP metabo-
lism via IDO and TDO. Notably, CBD treatment signifi-
cantly reduced hippocampal KYN levels, supporting the 
hypothesis that CBD modulates IDO activity [44]. Interest-
ingly, the reduction of KYN in the hippocampus occurred 
despite no changes in the KYN/TRP ratio, suggesting local-
ized inhibition of IDO activity or enhanced KYN clearance. 
Although systemic IDO activity, as reflected by the KYN/
TRP ratio, was unchanged, the reduction in KYN suggests 
localized modulation of inflammatory pathways by CBD. 
Given that neurotoxic KYN metabolites, particularly quino-
linic acid, contribute to NP via excitotoxic mechanisms 
[45], the ability of CBD to lower KYN levels while increas-
ing 5-HT activity [25] may be relevant to its mechanism of 
action. These findings reinforce the role of KYN pathway 
dysregulation in NP [46] and suggest that the therapeutic 
potential of CBD lies more in modulating neuroinflamma-
tion [47] than in direct pain relief [48, 49] in the context of 
opioid tolerance.

Dopaminergic alterations in morphine tolerance 
and CBD effects

The DA system, in contrast, plays a crucial role in reward 
processing and opioid-induced plasticity, with dysregula-
tion contributing to opioid tolerance and dependence [50, 
51]. The ascending spinothalamic pathway, which includes 
the midbrain, medulla oblongata, and spinal cord, integrates 
pain signals and is influenced by dopaminergic transmis-
sion [52, 53]. DA plays a crucial role in pain modulation 
[54, 55] and reward processing [56, 57]. Our results indicate 
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neurotransmitter networks rather than isolated pathways. 
Future studies should aim to clarify the functional relation-
ship between TRP-derived metabolites and DA activity 
in the context of CBD treatment. Overall, these findings 
further highlight the complex pharmacology of CBD and 
underscore the need for further research on its therapeutic 
potential in opioid tolerance and NP management.
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