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1. INTRODUCTION AND DISSERTATION CONTEXT

The incidence of opioid addiction in Chile and the world has become a global crisis of
monumental proportions, encompassing a vast and intricate landscape that engulfs our
society. The consumption of opioids used medicinally for their analgesic and sedative
properties in the management of clinical pain, has increased by 345% in the U.S. between
2001 and 2016 [1, 2]. However, the pursuit of the hedonistic effects of "well-being™ and
"euphoria,” coupled with the non-therapeutic use of these substances, has led to a sharp rise
in opioid abuse [3, 4]. In 2022 the CDC’s National Center for Health Statistics reported an
estimated 107,622 opioid overdose deaths in the United States during 2021, an increase of
nearly 15% from the 93,655 deaths estimated in 2020, with opioids responsible for almost
70% of all drug overdose deaths [5, 6].

In South America, Chile's prevalence of opioid consumption, particularly among teenagers
[7, 8], and the duplication of their consumption from 2015 to 2019 [9], make the situation
especially disheartening. Relapse to opioid use is compounded by the pathological
association of environmental perceptions with the drug's rewarding effects, and by the
severity of the withdrawal syndrome [10, 11]. This multifaceted challenge has become a
daunting problem for addiction science, with a dearth of enduring and efficacious
interventions.

In the vast landscape of opioid addiction, a challenge of global magnitude, my doctoral
research sought to understand the nuanced mechanisms of morphine consumption,
withdrawal syndrome, and relapse. Once opioids are administered, they bind and activate
endogenous opioid receptors in the brain, such as the p-opioid receptor (MOR) [12], which
has the cascading effect of promoting the release of dopamine (DA) in key brain areas
associated with rewarding stimuli and the learning of environmental perceptions linked with
drug use. This complex process lays the groundwork for the hedonistic effects and
reinforcement properties that contribute to addiction [13, 14].

Beyond the initial receptor reinforcement, continuous administration of opioids results in a
pathological pairing of environmental and subjective stimuli conditioned with opioid use.
The omnipresence of these signals during abstinence periods can trigger a new round of drug
administration, driving relapse and perpetuating opioid intake, a cycle that can persist for
years [15]. The addictive nature of opioids, coupled with the severe physical dependence they
engender—evidenced by the swift onset of a potent withdrawal syndrome when consumption
ceases—make these drugs particularly insidious [11].

Chronic use of opioids results in oxidative stress and neuroinflammation in the brain, which
further exacerbates addictive behaviors [16]. The potential causal role of oxidative stress and
neuroinflammation in triggering withdrawal syndrome and prompting consumption with
subsequent relapse is an area of study that has received significant attention [17-20].
Research has revealed that sustained abuse of drugs [21], opioids included, can induce
synaptic alterations [22-24]. Central to these alterations are glial cells - microglia and
astrocytes - that envelop the synapses and participate actively in their modulation [25, 26].



This interaction can lead to a deficit in the control of drug cravings, creating an environment
conducive for dependency and subsequent relapse.

Further investigations have identified the vital role of glutamatergic balance in the nucleus
accumbens (NACc) in driving cravings triggered by environmental cues [27-29]. Neuronal
afferents from the prefrontal cortex and the hippocampus influence this homeostatic balance
[30-32]. For drug-dependent individuals, there is a notable deficiency in the reuptake of the
neurotransmitter glutamate-mediated by astrocytes, thereby inducing a hyperglutamatergic
state in the NAc [33-35].

Within this context, the astrocyte glutamate transporter GLT-1, responsible for
approximately 90% of glutamate uptake in the brain, becomes critically involved [33, 36].
Reactive oxygen species (ROS) can directly inhibit GLT-1 through the lipoperoxidation
product 4-hydroxynonenal, which forms adducts with this transporter [37, 38]. Notably,
oxidative stress and neuroinflammation are linked to a reduction in GLT-1 activity and levels
[39-41]. The resultant decrease in GLT-1 in the NAc and the corresponding rise in
extracellular glutamate stimulate the excitatory neurotransmission of the brain's reward
system, leading to heightened cravings and potentially initiating relapse to opioid use [42].
However, promising observations from morphine-dependent animal models suggest that the
administration of -lactams (inducers of the expression of the glutamate transporter GLT-1),
such as ceftriaxone, can reverse the withdrawal syndrome induced by naloxone [43]. This
demonstrates the potential to inhibit the reinstallation of morphine in conditioned place
preference (CPP) through stimulation of GLT-1 expression [44]. Therefore, the reversal of
glutamatergic dysregulation—induced by oxidative stress and neuroinflammation—
presents an exciting therapeutic opportunity to reduce chronic morphine consumption,
prevent withdrawal syndrome, and subsequently inhibit morphine relapse.

In essence, therapies targeting the increase in oxidative stress and neuroinflammation caused
by opioid abuse could present a groundbreaking strategy to decrease chronic opioid use,
alleviate withdrawal syndrome, and preventing relapse [45, 46]. However, due to the novelty
of these mechanisms and the challenge posed by the blood-brain barrier, there are no
currently available treatments focused specifically on reducing oxidative stress and
neuroinflammation induced by chronic opioid consumption [47-49].

Unfortunately, current therapeutic strategies, primarily based on forced abstinence, prove
largely ineffective, with a staggering relapse rate of over 90% after the first month of
abstinence [50]. Presently, substitution therapy remains the mainstay of opioid dependence
treatment. Here, the consumption of high-potency opioids such as morphine are substituted
by less potent opioids like methadone or buprenorphine, which are considered safer due to
their longer half-lives. This therapy aims to reduce the opioid dose gradually. Nevertheless,
it carries substantial side effects such as respiratory depressions [51] and show highly
variable distribution among individuals, complicating personalized administration [52].
Additionally, these replacement therapies have been found to increase oxidative stress in
peripheral blood [53], a process linked with the development of drug dependence [54].
Considering these findings, my research sought to identify more effective interventions for
opioid addiction. To curb relapse and halt the progression of opioid dependence, strategies
that focus on reducing chronic consumption, managing cravings, and preventing withdrawal



syndrome are crucial. The challenges inherent to this endeavor reflect the intricate interplay
of mechanisms that underlie opioid addiction, a dynamic area | explored in my research to
uncover novel insights and therapeutic opportunities [55, 56]

An emerging approach for the treatment of complex neurological diseases is mesenchymal
stem cell (MSC)-based therapy. MSCs stand out for their antioxidant and anti-inflammatory
properties [57], which can be intensified by subjecting them to preconditioning stimuli in
vitro [58]. The molecules secreted by these cells (secretome) can be used as a powerful
biopharmaceutical, increasing the biosafety profile of the treatment compared to the
administration of living cells. It has recently been shown that intranasal administration of
secretome derived from preconditioned human MSCs (hMSCs) in an animal model of
alcohol addiction reduced chronic consumption and prevented relapse to consumption after
a period of abstinence [59]. These therapeutic effects were associated with a reduction in
brain oxidative stress and neuroinflammation in animals that consumed alcohol [59].

Stepping into this complex tableau, my doctoral research delved into the delicate
underpinnings of opioid consumption, relapse, and withdrawal, aiming to unravel novel
insights and dissect the intricate processes that underlie the crisis. These findings hold
promise for transforming the landscape of opioid addiction treatment and opening new
avenues for further exploration in addiction science

Based on these antecedents, this thesis presents the results obtained after the simultaneous
intranasal and intravenous administration of the antioxidant and anti-inflammatory secretome
generated from preconditioned hMSC on the precipitated (naloxone-induced) and
spontaneous (oral model) withdrawal syndrome, the reduction in its chronic consumption,
and the relapse to voluntary oral consumption (oral model) in rats exposed to continuous
doses of opioids. Additionally, the association and role of oxidative stress and
neuroinflammation in the different stages of morphine addiction were evaluated.



2. HYPOTHESIS

The simultaneous administration of hMSC-derived secretome reduces chronic consumption,
relapse, and withdrawal symptoms in rats. These effects are associated with a reduction in
opioid-induced brain oxidative stress, neuroinflammation and the normalization of
glutamatergic homeostasis.

3. SPECIFIC OBJECTIVES

1. Determine whether the administration of the secretome derived from preconditioned
hMSCs reduces chronic consumption, alleviates withdrawal symptoms, and inhibits
relapse to consumption in rats exposed to morphine, while simultaneously normalizing
glutamate homeostasis (evidenced by extracellular glutamate levels, GLT-1, and xCT-
system).

2. Evaluate whether the administration of the secretome derived from preconditioned
hMSCs diminishes brain oxidative stress (measured by the GSSG/GSH ratio and lipid
peroxidation) in rats with chronic consumption, withdrawal symptoms, and during
relapse to consumption triggered by morphine administration.

3. Investigate whether the administration of the secretome derived from preconditioned
hMSCs reduces neuroinflammation (indicated by astrocytic and microglial density) in
rats with chronic consumption, withdrawal symptoms, and during relapse to
consumption induced by morphine administration.



4. Chapter 1

A Novel Morphine Drinking Model of Opioid
Dependence in Rats

Access: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8999131/
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Opioids are widely used to treat acute and chronic pain due to their potent analgesic
and sedative properties. However, since opioids also generate the compulsion to take the
drug, it has led to widespread non-medical opioid use [1].

Opioid drugs are among the most addictive substances [1]. Repeated daily use leads
to physical dependence and rapid tolerance to their effects [1]. Thus, opioid dependence
has become an epidemic concern, with over 16 million opioid-dependent individuals

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
40/).

Int. J. Mol. Sci. 2022, 23, 3874. https:/ /doi.org/10.3390/1jms23073874 https://www.mdpi.com/journal /ijms
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worldwide and over 130,000 deaths reported annually [2], representing 76% of deaths in
which a drug-use disorder was implicated [3,4].

It is consistently reported that the oral route is the preferred route of administration for
prescription opioids. Several studies show that over 90% of abusers of prescription opioids,
including oxycodone, hydrocodone, and morphine, report oral ingestion for non-medical
purposes [5,6]. Thus, the generation of animal models of voluntary opioid oral intake has
become a necessary pre-clinical tool to evaluate new pharmacological strategies for the
treatment of opioid dependence.

Studies evaluating the voluntary oral self-administration of drugs of abuse in animal
models often utilize procedures in which the preference for drug-containing solutions
is assessed against either water or palatable non-drug solutions. Among the different
paradigms commonly used, the two-bottle free-choice exposure is widely used to evaluate
drug avidity, being a non-invasive procedure in which animals have the option of volun-
tarily drinking the desired amount of drug. This paradigm has demonstrated relevant
translational value for several drugs of abuse [7,8]. However, the main limitation of oral
morphine intake is its bitter taste. Thus, when the morphine bottle is paired with a bottle
containing non-adulterated tap water, animals prefer the non-morphine solution [9]. To
overcome this limitation, researchers reported the addition of taste adulterants such as
sweeteners, e.g., saccharin, added to the morphine solution or bitterants, e.g., quinine, in
the alternative bottle to increase morphine consumption and to demonstrate morphine
dependence [9,10]. However, the neurobiology by which quinine and saccharin influence
the ensuing preference for morphine in rodent models remains poorly understood.

Ferraro et al. reported that the addition of 0.2% saccharin to the morphine solution
could mask the bitter taste of morphine, increasing morphine preference compared to
the control bottle [11]. However, morphine and saccharin have known pharmacological
interactions since saccharin potentiates morphine-induced antinociception in mice [12].
Furthermore, saccharin consumption is also known to promote dopamine release in the
nucleus accumbens, activating the mesolimbic reward system [13]. Even after several days
of high intake of morphine plus saccharin, the elimination of saccharin from the bottles
markedly reduces morphine consumption [11], thus limiting the translational value of this
model. Similarly, rats given morphine adultered with sugar in their drinking water for
21 days do not develop a preference for the morphine-sugar bottle when evaluated against
a bottle with only sugar dissolved in water [14]. Thus, the taste-altering confounding
factor must be eliminated before animals that consume morphine could be reliably used for
pre-clinical testing of treatments aimed at reducing consumption elicited by morphine itself.

On the other hand, when quinine is included in the alternative bottle, a preference for
the morphine solution is observed, suggesting that quinine is effective in driving morphine
consumption and generating dependence. However, several reports demonstrated that, in
this paradigm, high morphine preference is not related to the rewarding properties of the
drug, but its preference is influenced by the degree of quinine aversion [15,16]. Thus, it was
postulated that the aversion to the bitter taste of quinine is what leads to the maintenance
of relatively high levels of fluid consumption from the morphine bottle [15]. This interpre-
tation is supported by the significant reduction in morphine intake observed when quinine
is eliminated from the alternative bottle, despite weeks of morphine consumption [11,15].
Thus, new paradigms to induce a preference for morphine-containing solutions without
the influence of taste adulterant confounders are highly needed.

Rodents, similar to humans, are born with only a few innate flavor preferences and
aversions, and they exhibit marked plasticity throughout the individual’s lifespan, being
highly sensitive to modification by experience [17]. In rodents, flavor preference learning
usually occurs at the time of weaning and could influence food selection after weaning [17].
Thus, repeated exposure to an aversive flavor early in life could improve flavor acceptance
in adult life due to familiarity, reducing inherent neophobia [18]. The bitter taste is one of
these aversive flavors. Interestingly, exposure of young rats to the bitterant quinine as their
only source of fluid immediately after weaning significantly increases quinine preference

12
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when evaluated in a two-bottle choice against water [19]. Those results suggest that quinine
consumption after weaning makes quinine, and possibly other bitterants, more palatable to
weanling rats.

In this study, we show a novel morphine drinking paradigm in which, immediately
after weaning, rats are exposed for seven days to a quinine solution as their only fluid
source, to make animals get used to a bitter taste. After that period, animals are exposed to
a two-bottle choice of quinine or morphine solutions for two weeks. Finally, the quinine
bottle is replaced by a water bottle, and animals now have the choice of drinking mor-
phine or water. After four weeks of voluntary morphine intake, we evaluated classical
markers of the pharmacological action of morphine, including thermal and mechanical
analgesia and hyperlocomotion, as well as markers of morphine dependence including the
appearance of somatic signs of morphine withdrawal triggered by the administration of
naloxone, an opioid receptor antagonist. In additional studies, we assessed other molecular
markers of opioid-induced dependence, including morphine-induced neuroinflammation
and oxidative stress and the mRNA levels of p-opioid receptor and accessory proteins.

2. Results
2.1. Morphine Oral Consumption

Animals were trained at a young age to accept the bitter taste of quinine (1 = 29).
Upon weaning, three-week-old rats were exposed to a quinine solution (0.15 mg/mL) as
their only drinking fluid for seven days. Despite the high quinine concentration, which is
shown to produce significant suppression of fluid and food intake in adult rats [19], the
consumption of quinine solution following the first two days of access was not significantly
different from that of the water-only exposed animals (n = 8) (Figure 1A), and their body
weight gains were indistinguishably between both groups (Figure 1B).

B
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Figure 1. Young rats learn to drink a bitter-tasting quinine solution. Immediately after weaning,
three-week-old female Wistar rats were exposed to water or 0.15 mg/mL quinine dissolved in water
as the only fluid choice. (A) Water or quinine solution intake was evaluated daily and expressed as
ml consumed/kg body weight. (B) Animal weights were determined daily. 7 = 8 in the water group
and 7 = 29 in the quinine group. Data are expressed as mean £ SEM. ** p < 0.01, Two-way ANOVA.

Following seven days of quinine exposure, a morphine-solution (0.15 mg/mL) con-
taining bottle was added in addition to the quinine-containing bottle (a water-only bottle
was not available). A marked preference for the novel morphine solution was quickly
observed, and the animals reached a ~90% preference for the morphine solution over the
quinine solution after five days of the two-bottle choice for the bitter solutions (Figure 2A,B).
Only four animals (14%) kept a significant quinine preference (below 50% preference for
the morphine solution) and were removed from the study. While a modest downward
intake of the morphine solution was seen thereafter, likely the result of the fast increases in
body weight of recently weaned animals, the high preference for the morphine solution
remained, which was consistent with a reduced total fluid consumption normalized by
body weight (Figure 2C,D).
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Figure 2. Voluntary morphine intake by Wistar rats. One week after starting quinine intake (Figure 1),
animals were exposed to 0.15 mg/mL quinine and 0.15 mg/mL morphine for two weeks using the
two-bottle choice paradigm. Thereafter, animals were exposed to 0.15 mg/mL morphine and water
(two-bottle choice) for two additional weeks. (A) Voluntary morphine intake is expressed as mg
morphine consumed per kg of body weight per day. (B) Morphine preference (%). (C) Total fluid
intake expressed as total fluid consumed per kg of body weight/day. (D) Animal weights. Data are
expressed as mean & SEM. n = 8 in the water group, and n = 18 in the morphine group; 38% of the
animals in the morphine group were excluded since they did not show >50% morphine preference

against water.

After two weeks of free-choice between morphine and quinine solutions, the quinine
bottle was replaced by one filled with only water to assess the morphine consumption
without the confounding presence of quinine. Despite a small initial drop in preference for
morphine, the preference for morphine stayed higher than 80% and, importantly, voluntary
morphine intake stayed above 15 mg/kg/day for the remaining two weeks of observation
(Figure 2A), reaching morphine plasma levels of 2.5 £ 0.6 mg/mL measured during the
first hour of light, to expect the highest plasmatic morphine level, since rats mainly drink
overnight. It is noted that seven animals changed their preference ratio from the morphine
solution to water during the two weeks of observation and were removed from the study.
Thus, the overall rejection corresponds to 11 animals of the original 29 (38%).

2.2. Orally Consumed Morphine Was Pharmacologically Relevant

To determine whether rats self-administering 15-18 mg morphine/kg/day experi-
enced the pharmacological effects of morphine, we determined if the animals (i) showed
morphine-induced analgesia, (ii) showed morphine-induced hyperlocomotion, and (iii) de-
veloped a physical dependence shown by somatic signs consistent with the opioid with-
drawal syndrome, after the systemic administration of the opioid receptor antagonist
naloxone [20,21].

(i) Morphine-induced analgesia. As a measure of the analgesic effect of morphine, rats
that had voluntarily consumed morphine for four weeks were tested for their withdrawal
latency following a thermal stimulus and for the withdrawal threshold to a mechanical
stimulus. Morphine-consuming animals showed a significantly higher thermal withdrawal
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latency (Figure 3A) and a significantly higher mechanical withdrawal threshold (Figure 3B)
compared to water-drinking controls (p < 0.0001).
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Figure 3. Voluntary morphine intake induces analgesia in Wistar rats. Hargreaves plantar test
(A) and Von Frey test (B) showing the withdrawal latency (delayed response) to thermal stimulus
and withdrawal threshold to mechanical stimulus, respectively, of rats that had voluntarily ingested
a morphine solution for four weeks. Animals drinking only water were used as controls. Withdrawal
latency and withdrawal threshold were measured during the first hour of light. Data are expressed
as mean + SEM. n = 8 in each experimental group. **** p < 0.0001, two-tailed Student t-test.
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Figure 4. Voluntary morphine intake induces hyperlocomotor activity in Wistar rats. (A) Total
distance traveled and (B) Thigmotaxis time (%) as a measure of time spent near the walls during
the five minute session of the open field test of rats that had voluntarily consumed morphine for
four weeks. Animals drinking only water were used as controls. (C) Trajectory plot of rats drinking
morphine and water showing entries to the center of the open field. The open field test was conducted
during the first hour of light. Data are expressed as means + SEM. n = 8 in each experimental group.
*p <0.05; *** p < 0.001, two-tailed Student ¢-test.

(ii) Morphine-induced hyperlocomotion. Rats that had consumed morphine and were
placed on an open field showed a higher distance traveled in five minutes (p < 0.001)
compared to water-drinking rats (Figure 4A). The experimental rats also spent a lower
percentage of the session close to the compartment walls, decreasing thigmotaxis compared
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to control rats (p < 0.05) (Figure 4B,C), a measurement of anxiety reduced by morphine
treatment [22].

(iii) Morphine withdrawal syndrome. Animals that had voluntarily consumed morphine
also developed physical dependence. This was shown by the eliciting of withdrawal
syndrome signs following the administration of the opioid antagonist naloxone. Specifically,
morphine-consuming rats showed diarrhea and a significant weight loss (p < 0.0001) 30 min
after the naloxone injection (Figure 5A,B). Animals also expressed more often the behavioral
signs associated with morphine withdrawal, such as wet-dog shakes, forepaw tremors, and
chewing (p < 0.05) (Figure 5C-E). Additionally, animals showed reduced rearing (p < 0.001)
during the 30 min observation period after the naloxone injection (Figure 5F), a behavior
that is described as a withdrawal sign of orally consumed morphine [20].
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Figure 5. A clear opioid deprivation syndrome is induced by naloxone administration in Wistar rats
that had voluntarily consumed morphine. (A) Weight loss, (B) Area covered by feces (%), (C) Wet-dog
shake events, (D) Forepaw tremors, (E) Chewing, and (F) Rearing events. Rats that had voluntarily
ingested a morphine solution (15-18 mg/kg/day) for four weeks were intraperitoneally injected
with 5 mg/kg of the opioid receptor antagonist naloxone. Animals drinking only water were used as
controls. Data were recorded for 30 min after naloxone administration and expressed as mean 4= SEM/
n = 8 in each experimental group. * p < 0.05; *** p < 0.001; **** p < 0.0001, Two-tailed Student f-test.

2.3. Brain Changes in Rats That Voluntarily Consumed Morphine

To study whether rats that had voluntarily consumed morphine displayed brain neu-
rochemical alterations, we determined the presence of neuroinflammation, oxidative stress
levels, and morphine-related protein expression. Hippocampal neuroinflammation: Neuroin-
flammation was evaluated by determining glial reactivity in the hippocampus, assessed as
morphological changes in astrocytes and microglial density. Data show that a time period
of four weeks of voluntary morphine intake induces a significant increase (p < 0.0001) in
the length and thickness of hippocampal astrocyte processes (GFAP immunofluorescence)
versus those of control animals drinking water (Figure 6A,B). Chronic morphine intake also
led to a significant increase (p < 0.001) in microglial density (Iba-1 immunofluorescence)
compared to control animals (Figure 6A,C).

Hippocampal oxidative stress levels. Oxidized glutathione (GSSG)/reduced glutathione
(GSH) levels were assessed in the hippocampus of rats that consumed morphine voluntarily
and proper controls to determine the GSSG/GSH ratio, as a validated marker of oxidative
stress [23,24]. Data show a significant five-fold increase (p < 0.001) in the GSSG/GSH ratio
in the hippocampus of morphine-consuming rats compared to that of water-drinking rats
(Figure 7).
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Figure 6. Voluntary morphine intake induces hippocampal neuroinflammation in Wistar rats. (A) Rep-
resentative confocal microphotographs of hippocampal astrocyte GFAP immunoreactivity (green,
top) and microglial density (Iba-1, red, shown by arrows, bottom) double-labeling immunoreactivity
of rats which had voluntarily drank morphine solution (15-18 mg/kg/day) for four weeks. Animals
drinking only water were used as controls. Nuclei were counterstained with DAPI (blue, nuclear
marker), scale bar 25 mm. (B left) Quantification of total length and (B right) thickness of primary
astrocytic process and (C) Quantification of microglial density evaluated by confocal microscopy and
FIJI image analysis software. Data are expressed as mean £ SEM. 1 = 8 in each experimental group.
*** p < 0.001, *** p < 0.0001, two-tailed Student t-test.

Morphine-related signaling pathway. We observed a significant (p < 0.01) increase in the
levels of p-opioid receptor mRNA transcript 1 (OPRM1) in the pre-frontal cortex of rats that
consumed morphine voluntarily compared to water-drinking rats (Figure 8). A significant
increase (p < 0.05) in the pre-frontal cortex was also observed for the mRNA of the accessory
protein Regulator of G Protein Signaling 17 (RGS17), but not for the accessory protein
vasoactive intestinal peptide (VIP), which are proteins responsible for the modulation of
opioid signaling [25,26] (Figure 8). On the other hand, no differences were observed in the
nucleus accumbens in the mRNA levels of these proteins, suggesting that the regulation in
the mRNA levels of OPRM1 and RGS17 is region-specific.
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Figure 7. Voluntary morphine intake induces hippocampal oxidative stress in Wistar rats. Hip-
pocampal oxidized /reduced glutathione ratio (GSSG/GSH) in rats that had voluntarily ingested
morphine for four weeks. Animals drinking only water were used as controls. Data are expressed as
mean £ SEM. 1 = 8 in each experimental group. *** p < 0.001, two-tailed Student -test.
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Figure 8. Voluntary morphine intake induces an increase in opioid receptor mRNA levels in pre-
frontal cortex but not in nucleus accumbens of Wistar rats. mRNA levels of the morphine receptor
OPRMI1 and the accessory proteins RGS17 and VIP were determined by RT-qPCR in pre-frontal cortex
and nucleus accumbens of rats that had voluntarily ingested morphine solutions for four weeks.
Animals drinking only water were used as controls. Expression levels were determined by the AACT
method and normalized against the mRNA levels of the housekeeping genes GAPDH and Hprtl1 in
the same sample. Data are expressed as mean &= SEM. n = 8 in each experimental group. * p < 0.05;
** p <0.01, two-tailed Student ¢-test.

3. Discussion

Opioid dependence is mostly initiated by the oral administration of prescription
opioids, and over 90% of abusers of prescription opioids report their oral ingestion for non-
medical purposes [5,6]. While several models of intravenous opioid self-administration are
reported [27,28], these do not fully reflect the changes that result from the pharmacokinetic
of oral opioid administration. Thus, the generation of a novel and reliable animal model
of voluntary oral opioid intake resulting in marked dependence, as shown by a clear
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naloxone-induced precipitated withdrawal, would constitute a valuable pre-clinical tool to
evaluate new pharmacological strategies for the treatment of oral opioid dependence.

The main limitation in the development of an animal model of oral morphine intake
is its bitter taste. Thus, the aim of the present study was to train rats to accept the taste
of morphine. In rodents, learning taste preference occurs primarily at weaning time and
can influence food selection later in life [17]. It was postulated that repeated exposure
to a known aversive flavor at a young age could improve animal flavor acceptance in
adult life [18]. Indeed, exposure of rats immediately after weaning to the bitter taste of a
quinine solution as the only source of fluid for seven days significantly increases subsequent
quinine preference [19]. This was confirmed in the present study since, after only two days
of access to a quinine solution as the only source of fluid, rats ingested the quinine solution
at the same rate as rats that were allowed water access only. Following seven days of
quinine solution intake, rats were able to drink both quinine and morphine solutions, while
preferring the morphine solution and further preferring morphine over water, reaching
an 80% preference for the morphine solution versus water. These findings suggest that
exposure to quinine after weaning renders morphine more palatable.

Although we did not explore the pharmacological effect of quinine consumption
during the seven-days period of exclusive consumption of just-weaned rats, we do not
expect persisting alterations that may confound the findings associated with the morphine
consumption. In that period, rats consumed quinine 30 mg/kg/day, which is comparable
to the dose used as an anti-malarian drug in humans. In patients following that regime,
mild and reversible adverse reactions are common. Cichonism, observed in most patients
treated with quinine 30 mg/kg/day, is comprised of nausea, headache, tinnitus, hearing
impairment, and blurred vision [29]. In our study, morphine consumption against water
was analyzed 15 to 28 days after rats were drinking high doses of quinine, ensuring the
disappearance of the possible adverse effects of quinine exposure.

A limitation of our model is the number of subjects required to be removed from
the study. Because our goal was to develop a robust model that could be used to study
therapeutics to reduce morphine consumption of dependent subjects, we rejected animals
that did not show a preference for morphine against the alternative bottle. Of those rejected,
13% (four animals) were removed after the morphine bottle was given to the rats, which
consumed quinine exclusively until then. This suggests that the morphine and quinine
solutions were similarly aversive, representing a preference before the animals became
dependent. Seven additional rats were removed from the study when the quinine bottle
was replaced by one containing only water, since those animals changed their preference
from morphine to water. Thus, 18 rats (62% of the starting group of rats) preferred morphine
for the complete extension of the study. These rejection rates are in concordance to what
was previously reported for other drugs since a diversity in the willingness to consume a
drug is observed when outbred animals, i.e., not selectively bred to self-administer a drug,
are used as a model for the study of consumption of ethanol [30,31].

Another limitation of our model is the specific age requirement for starting exper-
iments, that being at weaning age, which results in the experiments being performed
using young rats. Animals were eight weeks old when euthanasia was performed. On the
other hand, our model could be useful for the study of morphine consumption in young
individuals, an age segment with high prevalence. In humans, the average age of opioid
initiation is between 22 and 23 years old, and teenagers report high availability of illicit
opioids [32].

Other research groups also show that morphine is voluntarily consumed by animals
when quinine is given in the alternative bottle. However, they show a marked reduction
in morphine consumption when quinine is reduced or removed from the alternative
bottle [11,15], which suggests that the rewarding/reinforcing effect of morphine (and an
induced dependence) was not the main cause of their increased intake.

In the present study, we show that after four weeks of voluntary morphine intake
(versus water in controls), the classical acute effects and chronic dependence on morphine
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effects are observed, including: (i) thermal and mechanical analgesia; (ii) morphine-induced
hyperlocomotion, and importantly (iii) naloxone precipitated withdrawal. The later in-
cluded (a) significant diarrhea, (b) marked weight loss, (c) wet-dog shakes, (d) forepaw
tremors, (e) chewing, and (f) reduced rearing, as previously reported [20,21].

Other studies also aimed at developing animal models for oral opioid self-administration.
It is shown that mice [33,34] and rats [35] voluntarily consume oxycodone. In studies
in mice, a period of forced oxycodone intake was initially imposed under post-prandial
conditions (in the early dark cycle) which was followed by operant self-administration
oxycodone intake conditioned by light and tones. In the studies using rats, the animals were
initially water deprived for 22 h a day and exposed to oxycodone solutions as their only
fluid, also followed by operant self-administration. While, in all these studies, the animals
learned to self-administer oxycodone orally, a naloxone precipitated withdrawal was not
reported under these oral self-administration conditions. Indeed, in studies using mice,
authors induced the naloxone precipitated withdrawal in animals that were administered
oxycodone systemically, rather than orally. In contrast, in the rat study of oral operant
self-administration of oxycodone, a high dose of naltrexone was not reported to generate
the signs of opioid withdrawal. Data suggests that means to induce adult animals to
consume oxycodone orally do not readily result in consumption levels that lead to the
development of clear physical dependence.

In the present studies, molecular markers of opioid-induced dependence were ex-
amined, including higher levels of p-opioid receptor and RGS17 mRNA levels in the
pre-frontal cortex. The latter is a regulator of G-protein signaling that directly interacts with
the p-opioid receptor and promotes opioid tolerance [36]. Increased levels of RGS17 mRNA
are associated with morphine preference [36,37]. These alterations were not observed in
the nucleus accumbens, suggesting that they are region-specific.

An animal model for voluntary morphine consumption should also reproduce rele-
vant molecular and histological brain alterations that are commonly observed in human
patients after morphine exposure. Morphine treatment is shown to promote a rise in brain
oxidative stress by both a direct increase of free radicals’ levels and a reduction in the
enzymatic antioxidant machinery [38], and increases neuroinflammation by the direct
activation of Toll-like receptors [39], the hippocampus being the most affected brain region.
These phenomena are shown to characterize opioid tolerance and may represent the en-
gines of relapse [38,40]. Indeed, the administrations of antioxidant and anti-inflammatory
agents are shown markedly to reduce morphine withdrawal [41] and conditioned place
preference [42]. In general, antioxidant and anti-inflammatory agents are shown to reduce
the self-administration and relapse of many drugs of abuse, supporting the hypothesis that
brain oxidative stress and neuroinflammation are required for an addiction to develop [43].
In the present oral morphine intake model, molecular markers of morphine-induced de-
pendence were clearly observed, including a significant increase in morphine-induced
neuroinflammation evidenced by an increase in the length and thickness of primary as-
trocytic processes and an increase in microglial density in the hippocampus. As expected,
morphine-induced neuroinflammation was also accompanied by a significant increase in
brain oxidative stress evidenced by an elevated GSSG/GSH ratio in the hippocampus.

Conclusions

Overall, studies conducted show a novel two-bottle choice paradigm to induce a
preference for morphine-containing solutions, that starts with young weaning rats, with
no influence of taste adulterant confounders nor the need for the animals to consume
it to avoid an externally imposed punitive condition. These animals voluntarily drink
morphine-containing solutions in amounts that lead to clear morphine dependence, as
seen by the classical naloxone-induced signs, and display the molecular and histological
brain alterations commonly observed in opioid addicted patients. Thus, this animal model
could be valuable for the testing of new therapeutic interventions for the treatment of this
devastating and extending condition.
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4. Materials and Methods
4.1. Animals

Three-week-old female Wistar rats were used in the experiments. Female rats were
chosen since it is reported that female rats consume or self-administer higher levels of
morphine than male rats [44—46]. Rats were single-housed at a constant temperature and
humidity, on a 12 h light/dark (normal) cycle and with unrestricted access to standard chow
and environmental enrichment. All animal procedures were approved by the Committee
for Experiments with Laboratory Animals of the Faculty of Medicine of the Universidad
del Desarrollo (Protocol 05/2020).

4.2. Voluntary Morphine Consumption Test: Free-Choice Drinking Paradigm

Immediately after weaning, three-week-old rats were randomly assigned to one of two
groups. One group was exposed to 0.15 mg/mL quinine hydrochloride (Sigma-Aldrich,
St. Louis, MO, USA) dissolved in tap water as their only fluid for consumption to accustom
the animals to a bitter taste (1 = 29) [19]. Animals in the second group were only exposed
to water (control group) (n = 8). Quinine intake, water intake, and body weight were
recorded daily. Seven days after starting quinine exposure, animals were changed for
two weeks to a two-bottle choice paradigm in which one bottle contained 0.15 mg/mL
quinine hydrochloride dissolved in tap water, and the other bottle contained the bitter
0.15 mg/mL morphine sulfate (Oramoph; Molteni Farmaceutici, Scandicci, Florence, Italy)
dissolved in tap water. Thereafter, the quinine bottle was removed, and animals were
exposed to 0.15 mg/mL morphine sulfate and water (two-bottle choice) for two additional
weeks. Animals drinking only water were maintained as controls. Morphine intake,
morphine preference, total fluid consumption, and animal weights were measured daily
(Figure S1). For two-bottle choice tests, the position of each bottle was alternated daily to
prevent the accustoming of the animal to drinking from the bottle of a specific position.

Criteria for subject removal from the study: To develop a robust model to study ther-
apeutics that could reduce morphine consumption, we defined the minimal morphine
preference over the alternative bottle to be >50% in volume consumed. Thus, animals that
kept a morphine preference below 50% for two consecutive days were removed. There were
two instances when subjects were removed: (i) when a morphine bottle was presented to
rats drinking only quinine and (ii) when the quinine bottle was replaced with a water bottle.

4.3. Plasma Morphine Determination

After four weeks of voluntary morphine intake, rats were anesthetized by inhalation
of 4% sevoflurane vapor (Baxter, Deerfield, IL, USA) in oxygen, and blood samples were
collected by cardiac puncture during the first hour of light to expect the highest plasmatic
morphine level, since rats mainly drink overnight. Morphine level was determined in
the plasma by ELISA using the Morphine ELISA kit (Cayman Chemical, Ann Arbor, MI,
USA) following the manufacturer’s instructions. Methanol extracted samples were vacuum
dried, resuspended in the provided buffer, and 1000-fold diluted before the analysis.

4.4. Evaluation of Morphine-Induced Analgesia

Following four weeks of voluntary morphine intake, analgesia was assessed by the
determination of thermal and mechanical sensitivity. For thermal sensitivity determinations,
the rats were placed for 20 min inside an acrylic box provided with a mobile on-off infrared
light (Ugo Basile Plantar Test) below the surface of the box. Thereafter, the infrared light
was placed beneath the mid-plantar surface of a hind paw, and the paw withdrawal
response was automatically recorded. The maximum exposure was set at 15 s to avoid hind
paw damage. The infrared light exposure was performed to either paw until completing
three measurements, with an interval of five minutes between stimuli, and measurements
were repeated the following day. The complete control group (n = 8) and a random
sample of 8 animals from the morphine consumption group were assayed. Data in seconds
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were expressed as the mean withdrawal latency registered each day as we previously
reported [47].

For mechanical sensitivity determination, animals were placed inside an acrylic box
with a mesh floor that allows free access to the plantar surface of the paw. Then, the mid-
plantar surface of one of the hind paws was stimulated with an electronic Von Frey filament
(Electronic Von Frey; Ugo Basile, Comerio, Varese, Italy) with increasing strength, and the
paw withdrawal response was automatically recorded. The stimulation was performed
to either paw until completing three measurements, with an interval of five minutes
between stimuli, and measurements were repeated the following day. The complete
control group (n = 8) and a random sample of 8 animals from the morphine consumption
group were assayed. Thermal and mechanical sensitivities were measured in a 23 °C
controlled temperature room during the first hour of light to expect the highest plasmatic
morphine levels.

4.5. Evaluation of Morphine-Induced Locomotor Activity

Following four weeks of voluntary morphine intake, locomotor activity was assessed
by the open field test. The open field consisted of a square base (100 x 100 cm) and walls of
40 cm made of black painted wood. Rats were placed in the center, and their locomotor
activity was recorded for five minutes with a video camera placed in a zenithal position.
The open field arena was cleaned with 70% ethanol after each animal session. The room
was lit by a soft white light (50-60 lux). The experiments were performed during the first
hour of light to expect the highest plasmatic morphine levels. Total distance traveled and
thigmotaxis time (tendency to remain close to the walls) were evaluated using the ANY-
maze video tracking system (ver. 6.35, Stoelting Co., Wood Dale, IL, USA). The complete
control group (1 = 8) and a random sample of 8 animals from the morphine consumption
group were assayed.

4.6. Induction of Withdrawal Syndrome

For induction of the withdrawal syndrome, rats that had voluntarily ingested the
morphine solution for four weeks were intraperitoneally injected 5 mg/kg of the opioid
receptor antagonist naloxone (Sigma-Aldrich) dissolved in 0.9% saline. Immediately after
naloxone administration, animals were placed in a glass beaker (300 mm height and 180mm
diameter) and monitored for weight loss, diarrhea, wet-dog shakes, forepaw tremors,
chewing, and rearing events over 30 min. The complete control group (n = 8) and a random
sample of 8 animals from the morphine consumption group were assayed.

4.7. Evaluation of Morphine-Induced Neuroinflammation

Neuroinflammation was evaluated, determining astrocyte activation and microglial
density in the hippocampus of rats after four weeks of voluntary morphine intake. Animals
were anesthetized by inhalation of 4% sevoflurane vapor in oxygen (Baxter), intracardially
perfused with 100 mL of PBS (pH 7.4), and euthanized to obtain brain samples. Double-
labeling immunofluorescence against the astrocyte marker glial fibrillary acidic protein
(GFAP) and the microglial marker ionized-calcium-binding adaptor molecule 1 (Iba-1)
were evaluated in coronal 30 mm thick cryo-sections of hippocampus as we previously
reported [48]. Briefly, coronal sections were washed with 0.1 M PBS, incubated with
blocking solution (0.3% Triton X-100, 0.1% BSA, and 10% normal goat serum in PBS) for 1 h,
followed by incubation with a primary rabbit monoclonal anti-IBA-1 antibody (cat#019-
19741, Wako, 1:500 dilution in blocking solution) at 4 °C overnight. Thereafter, sections were
rinsed in PBS containing 0.3% Triton X-100 and incubated with goat anti-rabbit secondary
antibody (Alexa Fluor 594, Thermo Fisher Scientific, Waltham, MA, USA; 1:500 dilution
in blocking solution) for 1 h in the dark at room temperature. Then, sections were rinsed,
incubated in blocking solution (0.3% Triton X-100, 1% BSA, and 5% normal goat serum
in PBS) for 1 h and subsequently with a primary mouse monoclonal anti-GFAP antibody
(cat#G3893, Sigma-Aldrich, 1:500 dilution in blocking solution) overnight at 4 °C in the
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dark. Samples were rinsed with PBS, incubated with goat anti-mouse secondary antibody
(Alexa Fluor 488, Thermo Fisher Scientific, 1:500 dilution in blocking solution) for 1 h in the
dark at room temperature. Nuclei were counterstained with DAPI (Invitrogen, Waltham,
MA, USA; 0.02M: 0.0125 mg/mL). Microphotographs were taken from the stratum radiatum
of the hippocampus using a confocal microscope (Olympus FV10i). The area analyzed for
each stack was 0.04 mm?2, and the thickness (Z axis) was measured for each case. The total
length and thickness of the GFAP-positive astrocyte primary process and density of Iba-
1-positive microglial cells were assessed using FIJI image analysis software as previously
reported [24]. The complete control group (1 = 8) and a random sample of 8 animals from
the morphine consumption group were assayed.

4.8. Evaluation of Morphine-Induced Oxidative Stress

Brain oxidative stress was evaluated, determining the oxidized glutathione (GSSG)/
reduced glutathione (GSH) ratio (GSSG/GSH) in the hippocampus of rats after four weeks
of voluntary morphine intake. To this end, the hippocampi were extracted and mixed
with three volumes of ice-cold potassium buffer (0.1M) containing 5 mM EDTA, pH 7 4.
GSH and GSSG contents were determined as previously described [24]. Briefly, GSSG in
the sample was first converted into GSH with glutathione reductase (Sigma-Aldrich) and
NADPH (Sigma-Aldrich). The total free thiol group of GSH was reacted with the sulfhydryl
reagent DTNB (Sigma-Aldrich), yielding a product that absorbs light at 412nm. GSSG per
se in the homogenate was measured by adding 2-vinyl pyridine (Sigma-Aldrich) to trap
GSH, preventing GSH from binding DTNB. The excess of 2-vinyl pyridine was neutralized
with triethanolamine. Finally, the free GSH levels were obtained by subtracting the GSSG
value to total GSH. The complete control group (1 = 8) and a random sample of 8 animals
from the morphine consumption group were assayed.

4.9. Determination of mRNA Levels of Morphine Receptor and Accessory Proteins

Four weeks after voluntary morphine intake, total RNA was isolated from the nu-
cleus accumbens and pre-frontal cortex using TRIzol reagent (Invitrogen) following man-
ufacturer’s instructions. One microgram of total RNA was used to perform reverse tran-
scription with MMLYV reverse transcriptase (Invitrogen) and oligo dT primers. Real-time
PCR reactions were performed in a 10 mL final volume containing: 50ng cDNA, PCR
LightCycler-DNA Master SYBERGreen reaction mix (Roche, Basel, Switzerland), 3 mM
MgCl, and 0.5mM of the primers for the amplification of the opioid receptor OPRMI,
and the accessory proteins RGS17 and VIP using a Light-Cycler 1.5 thermocycler (Roche)
as previously reported [23]. To ensure that amplicons were generated from mRNA and
not from genomic DNA, controls without RT during the reverse transcription reactions
were included. Expression levels were determined by the AACt method. The mRNA
level of each target gene was normalized against the mRNA levels of the housekeeping
genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and hypoxanthine phosphori-
bosyltransferase 1 (Hprtl) in the same sample. The primers used for qPCR reactions were:
OPRM1 forward 5'-ATCCAGTTCTTTACGCCTTCC-3’; OPRML reverse 5'- GATGTTCCC-
TAGTGTTCTGA CG-3'; RGS17 forward 5'-GAACAGAATACAGCGAGGAGAA-3'; RGS17 re-
verse 5-GACCTCTTTCGGTGACAGTATAG-3'; VIP forward 5-CATTGGCAAACGAATCAG
CA GT-3'; VIP reverse 5- CTCACTGCTCCTCTTCCCATTTAG-3'; GAPDH forward 5'-
GACATGCCGCCTGGAGAAAC-3'; GAPDH reverse 5-AGCCCAGGATGCCCTTTAGT-3';
Hprtl forward 5'-CTGGTGAAAAGGACCTCTCG-3'; Hprtl reverse 5-TCCACTTTCGCTGAT
GACAC-3'. The complete control group (1 = 8) and a random sample of 8 animals from the
morphine consumption group were assayed.

4.10. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software. Data are ex-
pressed as mean + SEM. Two-way (treatment x day) analysis of variance (ANOVA),
followed by the Bonferroni post hoc test, was conducted to compare liquid intake. Stu-
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The present study investigates the possible therapeutic effects of human mesenchymal stem cell-derived secretome on morphine
dependence and relapse. This was studied in a new model of chronic voluntary morphine intake in Wistar rats which shows classic
signs of morphine intoxication and a severe naloxone-induced withdrawal syndrome. A single intranasal-systemic administration of
MSCs secretome fully inhibited (>95%; p < 0.001) voluntary morphine intake and reduced the post-deprivation relapse intake by
50% (p < 0.02). Since several studies suggest a significant genetic contribution to the chronic use of many addictive drugs, the
effect of MSCs secretome on morphine self-administration was further studied in rats bred as high alcohol consumers (UChB rats).
Sub-chronic intraperitoneal administration of morphine before access to increasing concentrations of morphine solutions and
water were available to the animals, led UChB rats to prefer ingesting morphine solutions over water, attaining levels of oral
morphine intake in the range of those in the Wistar model. Intranasally administered MSCs secretome to UChB rats dose-
dependently inhibited morphine self-administration by 72% (p < 0.001); while a single intranasal dose of MSC-secretome
administered during a morphine deprivation period imposed on chronic morphine consumer UChB rats inhibited re-access
morphine relapse intake by 80 to 85% (p < 0.0001). Both in the Wistar and the UChB rat models, MSCs-secretome administration
reversed the morphine-induced increases in brain oxidative stress and neuroinflammation, considered as key engines perpetuating
drug relapse. Overall, present preclinical studies suggest that products secreted by human mesenchymal stem cells may be of value

in the treatment of opioid addiction.

Translational Psychiatry (2022)12:462 ; https://doi.org/10.1038/s41398-022-02225-0

INTRODUCTION

Opioid dependence has become a public health emergency,
with over 16 million opioid-dependent individuals worldwide
[1, 2]. In 2022 the CDC's National Center for Health Statistics
reported an estimated 107,622 opioid overdose deaths in the
United States during 2021, an increase of nearly 15% from the
93,655 deaths estimated in 2020. The situation is also dire in
other countries; the World Health Organization (WHO 2021) [3]
reports that over one half million deaths are attributable to drug
use, and over 70% of these deaths are related to opioids. Thus,
opioid addiction has become major cause of preventable
morbidity and mortality worldwide. Recently, Harper et al. [4]
informs that life expectancy in the United States had three
consecutive years of decline. Among the causes for this decline
the first one indicated is the increase in opiate overdose deaths.
Noteworthy, a recent study further indicates that the increase in
overdose mortality is explained largely by the availability and
relatively low cost of opioids rather than by economic
conditions [5].

Currently available treatments for opioid dependence mainly
involve the administration of long-acting opioid agonists, such as
methadone or buprenorphine, which have shown temporary
efficacy in reducing illegal opioid use [6]. However, these
substitution therapies maintain opioid dependence, leading to
high rates of relapse upon treatment discontinuation [7]. There-
fore, there is an urgent need to develop novel non-opioid-based
pharmacological approaches.

Several preclinical and clinical studies have shown that brain
oxidative stress and neuroinflammation are generated following
the chronic administration of most drugs of abuse, including
morphine, and are strongly associated with the perpetuation of
drug intake and relapse [8-10]. Morphine consumption induces
oxidative stress by the release of dopamine in the nucleus
accumbens, which is oxidized by monoamine oxidase, generating
hydrogen peroxide and hydroxyl radicals after its presynaptic re-
uptake [8] and by the NO synthesis after p-opioid receptor (MOR)
activation [11]. Neuroinflammation also results from the chronic
use of opioids [12], since morphine binds to the foreign-molecule
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sensor Toll-like receptor 4 (TLR4) in microglia and astrocytes,
leading to the initiation of a signaling cascade that results in
microglial and astrocytic activation and the production of pro-
inflammatory mediators [10, 13, 14].

Morphine activation of MORs in the ventral tegmental area
stimulates the reward system by increasing dopamine release into
the nucleus accumbens and prefrontal cortex [15], playing a
central role in the reinforcing properties of morphine [16].
Importantly, if after chronic use a prolonged drug deprivation is
held, environmental cues associated with prior drug use trigger
the urge to re-administer the drug, leading to relapse and the
perpetuation of drug intake, a phenomenon that can persist for
many years [16]. This behavior is driven by an elevation of
extracellular glutamate in the tripartite synapse due to a cue-
induced glutamate release into the nucleus accumbens [17-19].

Astrocytes surrounding the synapses are responsible for most of
the glutamate re-uptake, playing a pivotal role in the termination
of glutamatergic signaling [20]. However, this re-uptake is faulty in
drug users as high levels of reactive oxygen species (ROS), by
cross-linking of cysteine residues, can directly inhibit the main
astrocyte glutamate transporter GLT-1 [21], and possibly the xCT
cystine-glutamate antiporter [22], a carrier involved in glutama-
tergic downregulation. Neuroinflammation per se also lowers
astrocyte GLT-1 levels and increases the extracellular glutamate
levels [23]. Importantly, oxidative stress and neuroinflammation
self-potentiate each other [24], being linked in a long-acting
vicious cycle that is maintained in the brain of opioid users, altering
glutamate homeostasis [8]. Therefore, interventions aimed at
restoring glutamate homeostasis by the reduction of morphine-
induced oxidative stress and neuroinflammation could help to
reduce morphine dependence.

In recent years, mesenchymal stem cells (MSCs), an adult type of
stem cell, have emerged as promising candidates for the
treatment of neurological diseases commonly associated with
neuroinflammation and oxidative stress [25, 26]. These cells have
potent immunomodulatory properties, mainly mediated by the
secretion of anti-inflammatory molecules which promote the
inhibition of astrocyte and microglia activation [27], and by the
production of high levels of antioxidant enzymes [28], which
contribute to reduce oxidative stress. These anti-inflammatory and
antioxidant properties are greatly enhanced by incubating MSCs
with pro-inflammatory cytokines; a process known as precondi-
tioning [29, 30].

Recently, it was shown that a single intra-cerebroventricular
administration of rat MSCs [31] or human preconditioned MSCs
[30] to rats that had consumed alcohol chronically reduced their
voluntary ethanol intake by 75% and inhibited alcohol relapse
upon re-access up to 85%. These effects were correlated with a
significant reduction of neuroinflammation and oxidative stress
and with an increase in GLT-1 levels in nucleus accumbens [30].

Initially MSCs were thought to exert their therapeutic effects by
their multipotent differentiation capacity, replacing damaged cells
in injured tissues. However, currently, the paracrine secretion
(secretome) of a broad array of bioactive molecules is the most
accepted therapeutic mechanism associated with MSCs [32, 33]. In
line with this view, it was recently reported that the intranasal
administration of cell-free secretome derived from preconditioned
human MSCs to alcohol-dependent rats fully recapitulated the
therapeutic effects of live MSC administration, including a 90%
reduction in chronic alcohol intake, complete prevention of cue-
induced alcohol relapse and fully reversion of hippocampal
neuroinflammation and oxidative stress [34]. These effects were
also shown after the intranasal administration of MSC-derived
secretome in an animal model of nicotine dependence [34].

In the present study, using two rat models of oral morphine self-
administration, we evaluated whether the administration of
secretome derived from human preconditioned MSCs was able
to reduce voluntary oral morphine intake and prevent relapse. The
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first model, as recently reported [10], required training animals to
accept the bitter taste of morphine. For the second one, we used
rats selectively bred to consume alcohol (UChB), which also have
been shown to voluntarily consume nicotine [34, 35], in which
voluntary oral morphine intake was induced after injecting
priming doses of morphine. Further, we evaluated whether
secretome administration was able to reverse molecular markers
associated with opioid relapse, including morphine-induced
neuroinflammation and oxidative stress and changes in opioid
receptor and glutamate transporters mRNA levels. It is hypothe-
sized that MSC-derived secretome administration will inhibit
morphine self-administration and will markedly inhibit post-
deprivation relapse.

MATERIALS AND METHODS

Animals

Model 1. Wistar rats. Just-weaned three-week-old female Wistar rats
weighing 50-65 g were single-housed at constant temperature on a 12-h
light/dark cycle and unrestricted access to standard rodent chow.

Model 2. Wistar-derived UChB rats. Eight-week-old female naive rats
weighing 95-120g of the UChB line selectively bred for their high
voluntary oral ethanol intake [36, 37] were single-housed at a constant
temperature on a 12-h light/dark cycle with unrestricted access to rodent
chow and water.

Both animal models were conducted with female rats since oral
morphine consumption, or its self-administration is higher in females than
in male rats [38-40]. Animal procedures were approved by the Committee
for Experiments with Laboratory Animals of the Universidad del Desarrollo
(Protocol-05/2020) and by the Committee for Experiments with Laboratory
Animals of the University of Chile (Protocol-CBA# 0994-FMUCH).

Voluntary morphine consumption and relapse

Animal model 1 (Wistar rats). Voluntary oral consumption of morphine
solution was induced in Wistar rats as recently described, where plasma
morphine levels of 2.5 + 0.6 ug/ml were attained after 4 weeks of voluntary
intake [10]. Briefly, just-weaned rats were accustomed to the bitter taste of
150 mg/I quinine hydrochloride (Sigma-Aldrich) dissolved in tap water as
their only fluid source available for seven days, after which animals were
changed for two weeks to a two-bottle choice paradigm in which one
bottle contained 150 mg/I quinine hydrochloride and the other 150 mg/I of
the bitter morphine sulfate (Oramorph, Molteni Pharmaceutics) dissolved
in tap water. Thereafter, animals were offered free-choice access between
two bottles, one containing water and the other 150 mg/I morphine sulfate
for two additional weeks. After 22 days of voluntary morphine intake
animals were randomly divided into two groups that received a
simultaneous intranasal (25pg protein) and intravenous (25 pg protein)
dose of secretome derived from 1x10° preconditioned MSCs (n=9) or
saline (n =9) administered in a volume of 160pul. An additional group of
animals drinking only water was used as control. To evaluate morphine
post-deprivation relapse, in the same group of rats after 30 days of chronic
morphine intake animals were morphine deprived for 12 days (water was
available) and on days 2 and 9 of the deprivation period rats were treated
with two simultaneous intranasal and intravenous administrations of
secretome derived from preconditioned MSCs or vehicle. At the end of the
deprivation period, animals were allowed morphine re-access for 24 hours
to assess relapse, after which animals were euthanized (Supplementary Fig.
1A shows the time-course of experiment with Wistar rats).

Animal model 2 (UChB rats). Voluntary oral morphine consumption was
induced in UChB rats as previously described [41, 42] with some
modifications. Briefly, rats were intraperitoneally administered a daily dose
of 40 mg/kg of morphine hydrochloride (Sanderson Laboratory) in a
volume of 2ml/kg/day for 9 consecutive days. On day 10, after
discontinuation of morphine injections, all rats were given free-choice
access to two bottles: one containing water and the other morphine
sulfate solution (Oramorph) of concentrations that were increased every
two to four days, from 6 mg/l and reaching a steady intake of 50 mg/I on
days 40 to 58. Thereafter, rats were given concurrently free choice access
between three bottles: one with water and the other two containing 44
and 50 mg/I morphine sulfate from day 59 to 89. After 10 weeks of
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voluntary oral morphine consumption, animals were randomly divided into
two groups (n=4) that received an intranasal dose (25ug protein) of
secretome derived from 1 x 10° preconditioned MSCs or saline,
administered in a total volume of 160ul/day, on days 75, 80 and 85.
Thereafter, to evaluate morphine post-deprivation relapse, four days after
the last intranasal secretome dose animals were deprived of the morphine
solutions for five days and were administered a fourth dose of secretome
or saline on the first day of the deprivation period. Subsequently, rats were
allowed re-access to the 44- and 50 mg/I morphine solutions for one day.

To separately evaluate the effects of secretome on morphine relapse,
secretome was intranasally administered only during the deprivation
period to another group of sixteen UChB rats that were subjected to the
same paradigm described for the first UChB group, but slightly modified to
increase voluntary morphine intake and to induce a more potent morphine
relapse. Rats were administered an intraperitoneal daily dose of 40 mg/kg
of morphine hydrochloride in a volume of 2 mi/kg/day for 11 consecutive
days. After discontinuation of morphine injections on day 12, rats were
offered a free-choice between a morphine solution of increasing
concentration on successive days (6 to 90 mg/l morphine) or water until
day 42. Thereafter, rats were given concurrently free-choice access
between three bottles: one containing water and the other two containing
80 or 90 mg/I morphine sulfate solutions from day 43 to 57. After eight
weeks of continuous voluntary morphine consumption, animals were
deprived of morphine for six days and on the fourth day of morphine
deprivation, animals were randomly divided into 2 groups (n = 6) and were
treated with a single intranasal dose of secretome (25ug protein) derived
from 1x10° preconditioned MSCs or saline administered in a volume of
160pl. Rats continued under morphine deprivation for two additional days
and thereafter animals were allowed re-access to the 80- and 90 mg/I
morphine solutions for two days (Supplementary Fig. 1B and C show the
time-course of experiments with UChB rats).

In both animal models, the bottle positions were alternated every day to
avoid the development of a side preference. Morphine intake, water intake,
and animal body weight were measured daily. In both models reported,
morphine is mainly consumed by the animals in the dark period of the
circadian cycle.

Isolation, expansion and characterization of human adipose
tissue-derived MSCs

Human MSCs were isolated from fresh subcutaneous adipose tissue
samples obtained from liposuction aspirates of patients undergoing
cosmetic liposuction at Clinica Alemana, Santiago, Chile after obtaining
written informed consent as previously reported [34, 43]. Protocols were
approved by the Ethics Committee of Faculty of Medicine, Clinica
Alemana-Universidad del Desarrollo. After two subcultures, cells were
characterized following the minimum criteria established by the Interna-
tional Society for Cellular Therapy [44] as previously described [34, 43].

Preconditioning of MSCs and secretome generation

MSCs (passage 3) at 75% confluency were preconditioned to improve the
production of anti-inflammatory and antioxidant molecules by incubation
in minimal essential medium (a-MEM, Gibco) supplemented with 10% fetal
bovine serum (FBS, Hyclone) plus 10 ng/ml TNF-a (R&D System) and 15 ng/
ml IFN-y (R&D System) for 40 hours as previously described [30, 34, 45].
After preconditioning, cells were washed and incubated for 48 hours in a-
MEM without FBS. Then, culture medium (secretome) was collected and
centrifuged at 400g for 10minutes to remove detached cells. The
supernatant was centrifuged again at 50009 for 10 minutes to remove
cell debris. Finally, secretome was filtered with 0.22pm filters and
concentrated 50 times (v/v) using 3 kDa cutoff filters (Millipore). Protein
concentration was determined by the BCA protein assay kit (Thermo
Scientific) and secretome was aliquoted and frozen at —80 °C until use.

Non-invasive administration of secretome derived from
human preconditioned MSCs

A. Intr | ad ation: Rats were anesthetized by intramuscular
administration of ketamine (60 mg/kg) and acepromazine (4 mg/kg)
[46] and kept in supine position. Twenty microliters of secretome
solution were administered intranasally as small drops delivered
from a pipette tip every five minutes into alternative sides of the
nasal cavity (four times in each nostril) for a total of 40 minutes. A
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total volume of 160ul of secretome containing 25ug of proteins
derived from 1 x 10° preconditioned MSCs was delivered into the
nasal cavity. Vehicle-treated animals received 160pl of saline solution
by the same administration scheme as previously reported [34].

B. Intravenous administration: In the Wistar rat (Animal Model #1)
studies, in addition to the intranasal administration animals received
secretome by the intravenous route. Immediately after the intranasal
administration, animals were injected via the tail vein with 160pl of
secretome containing 25ug of proteins derived from 1 x 10°
preconditioned MSCs. Vehicle-treated animals received 160ul of
saline solution using the same administration scheme.

Evaluation of morphine-induced neuroinflammation

In both animal models, neuroinflammation was evaluated as previously
described [34, 47], determining astrocyte activation and microglial density
in the hippocampus of rats after the 24-hours morphine re-access. Briefly,
after the last morphine intake register animals were anesthetized by the
intramuscular administration of 1.9 ml/kg of an anesthetic cocktail (70 mg/
kg ketamine, 10mg/kg xylazine and 4mg/kg acepromazine) [48],
intracardially perfused with 0.1 M PBS (pH 7.4) and euthanized. Double-
labeling immunofluorescence against the astrocyte marker glial fibrillary
acidic protein (GFAP) (Sigma-Aldrich G3893, 1:500 dilution) and the
microglial marker ionized-calcium-binding adaptor molecule 1 (lba-1)
(Wako 019-19741, 1:400 dilution) were performed in coronal 30 pm thick
cryo-sections of hippocampus. Nuclei were labeled with DAPI (Invitrogen).
Microphotographs were taken from the stratum radiatum of hippocampus
using a confocal microscope (Zeiss, LMS700). The area analyzed for each
stack was 0.04mm?>. The total length and thickness of primary astrocytic
processes and the density of microglial cells were determined using FlJI
image analysis software as previously reported [34, 47].

Evaluation of morphine-induced oxidative stress

In both animal models, after the 24-hour morphine re-access brain oxidative
stress was evaluated determining the ratio between oxidized glutathione/
reduced glutathione (GSSG/GSH) in the hippocampus and the levels of lipid
peroxidation in the neostriatum. The GSSG/GSH ratio was determined as we
previously reported [34, 47]. Lipid peroxidation was determined by a method
that measures the amount of malondialdehyde (MDA) formed using the Lipid
Peroxidation assay kit (Sigma-Aldrich) as we previously described [49].

Determination of mRNA levels of opioid receptors and
glutamate transporters

After the 24-hour morphine re-access, total RNA from prefrontal cortex and
nucleus accumbens was purified using TRIzol reagent (Invitrogen). One
microgram of RNA was used to perform reverse transcription with MMLV
reverse transcriptase (Invitrogen) and oligo dT primers. Real-time PCR reactions
were performed to amplify the p-opioid receptor 1 (OPRM1) and the
glutamate transporters GLT-1 and xCT, using specific primers (Supplementary
Table 1) and SYBRGreen reagent (Roche) in a LightCycler thermocycler (Roche).
Relative quantifications were performed by the AACT method. The mRNA level
of each target gene was normalized against the mRNA level of the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
All biochemical analysis were performed in a single-blind way.

Statistical analysis

Data are expressed as means + SEM. Statistical analyses were performed
using GraphPad Prism v.9.2.0 software. The normal distribution of data for
all experiments was shown using the Shapiro-Wilk test. Bartlett's test
showed that the variances between groups were equal. Two-way
(treatment x day) ANOVA, followed by Tukey's post-hoc test or One-way
ANOVA, followed by Tukey's post-hoc test was conducted to compare
differences between experimental groups. Two-tailed Student t test was
performed to determine if there is statistical significance when only two
groups were compared. A level of p <0.05 was considered for statistical
significance.

RESULTS

Model 1: Wistar rats

Simultaneous intranasal and intravenous administration of secre-
tome derived from human preconditioned MSCs to Wistar rats
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Fig. 1 Simultaneous intranasal and intravenous administration of secretome derived from human preconditioned MSCs to Wistar rats
that had chronically consumed morphine inhibits morphine intake and reduces post-deprivation morphine re-access intake. A Daily
morphine intake and (B) morphine preference over water. Wistar rats that had voluntarily ingested morphine for 21 days were simultaneously
intranasally and intravenously treated with secretome (25ug protein) derived from 1 x 10° preconditioned MSCs or vehicle (indicated by the
arrow). Morphine intake was inhibited by 95% (p < 0.0001). Two-way ANOVA (treatment x day) of morphine intake and morphine preference
following secretome administration (blue circles) indicate significant effect of treatment (F(; 435 = 158.9 ****p < 0.0001), day (F 25435 = 304,
p <0.0001) and significant interaction (F treatment x day (»5435 = 25.2, p <0.0001) compared with control animals receiving vehicle (red
circles). € Morphine relapse intake and (D) morphine preference over water after 12 days of morphine deprivation followed by 24-hours of
morphine re-access. Rats treated previously with three intranasal and intravenous secretome doses (on day 22 of chronic morphine access and
on days 2 and 9 of the deprivation period) (blue bars) ingested significantly lower (—50%) amount of morphine compared with vehicle-treated

animals (red bar) (**p < 0.01, two-tailed Student t test). Data are presented as mean + SEM; n =9 for each experimental condition.

inhibits chronic morphine intake and reduces post-deprivation
morphine re-access intake. In this model of opioid dependence
[10], just-weaned Wistar rats were exposed for seven days to a
quinine solution as their only fluid source to get the animals
accustomed to a bitter taste (Fig. 1 day zero), after which animals
were offered a two-bottle choice of quinine or morphine solutions,
for two weeks. Figure 1A (shaded area) shows that Wistar rats that
could choose between a 150 mg/I quinine solution versus one of
150 mg/I morphine achieved a high morphine consumption
(20.1 + 0.4 mg/kg/day) for 14 days. Four animals (15%) kept a
significant quinine preference (below 50% preference for the
morphine solution) and were removed from the study. Subse-
quently, animals were offered a two-bottle choice between a
morphine solution (150 mg/l) and water from day 15 onwards,
showing a voluntary morphine intake of 18.5 + 0.3 mg/kg/day (Fig.
1A), with a preference for morphine solution over water above
85% (Fig. 1B). As previously reported [10], these levels of morphine
intake allow the development of strong naloxone-induced with-
drawal signs of dependence. In the present study, five animals

SPRINGER NATURE

changed their preference ratio from the morphine solution to
water and were removed from the study. Thus, the overall
rejection corresponds to 9 animals of the original 27 animals
(33%), in line with a previous report [10]. After removing the
animals that changed morphine preference, the remaining
animals were distributed into two groups according to their
morphine intake on the last three days, such as to avoid group
differences. Prior to initiating the secretome or vehicle adminis-
tration, the average 3-day intake was 18.1 + 0.7 mg/kg/day for the
animals in the vehicle treated group and 18.3 + 0.7 mg/kg/day for
the animals in the secretome treated group.

To evaluate the therapeutic potential of MSCs, the secretome
derived from 1 x 10° preconditioned human adipose tissue-
derived MSCs (25ug protein) was administered simultaneously
intranasally and intravenously to one half of the rats that had
voluntarily consumed morphine for 22 days (n=29), while the
other half were given saline (vehicle) as control (n = 9). Secretome
administration  virtually abolished morphine dependence
(p <0.0001, Two-way ANOVA) (Fig. 1A), reaching >95% reduction
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in morphine intake seven days after the single-time secretome
administration  compared  with  vehicle-treated  animals
(0.6 +0.3 mg morphine consumed/kg/day for secretome-treated
animals versus 17.4+0.7 mg morphine consumed/kg/day for
vehicle-treated animals). Noteworthy, most of the inhibitory effect
on morphine intake was seen within the first 48 hours (>80%
reduction in morphine intake). Secretome administration also
reduced morphine preference versus water (p <0.0001, Two-way
ANOVA) (Fig. 1B). The reduction in morphine intake induced by
secretome administration was fully compensated by an increase in

Translational Psychiatry (2022)12:462

water intake (Supplementary Fig. 2A); additionally, secretome
administration did not affect animal body weight (Supplementary
Fig. 2B), both suggesting that the effects induced by this
treatment were specific for morphine intake and do not reflect a
nonspecific malaise nor severe withdrawal symptoms.

To evaluate the effect of secretome administration on post-
deprivation relapse intake after morphine re-access, seven days after
the administration of secretome or vehicle animals were morphine-
deprived for 12 days and treated with two intranasal and
intravenous administrations of secretome or vehicle (on days 2
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Fig. 2 Simultaneous intranasal and intravenous administration of secretome derived from human preconditioned MSCs normalizes the
increased astrocyte reactivity and brain oxidative stress induced by chronic morphine intake in Wistar rats. A Representative confocal
microphotographs of GFAP immunoreactivity (green top) in hippocampal astrocytes and Iba-1 immunoreactivity (red, shown by arrows,
center) in hippocampal microglia. Nuclei were counterstained with DAPI (blue, nuclear marker), scale bar 25 um. B Quantification of length
and (C) thickness of primary astrocytic processes. (D) Quantification of microglial density. Chronic morphine-drinking rats treated with vehicle
displayed a marked increase in the length and thickness of astrocytic processes (**** p < 0.0001, One-way ANOVA followed by Tukey’s post-
hoc test) and microglial density (red bars in B-D) (**p <0.01, One-way ANOVA followed by Tukey’s post-hoc test) compared with water
drinking rats (green bars in B-D). The simultaneous intranasal and intravenous administration of three secretome doses (on day 22 of the
chronic morphine access and on days 2 and 9 of the deprivation period) significantly reduced the length and thickness of primary astrocytic
processes (blue bars in B and C) (****p < 0.0001, One-way ANOVA followed by Tukey’s post-hoc test), but not the microglial density (blue bar in
D) compared with the morphine + vehicle treated animals (red bars in B-D). (E) GSSG/GSH ratio in the hippocampus of rats chronically
drinking morphine, deprived for 12 days, and allowed morphine re-access for 24 hours. Chronic morphine drinking rats treated with vehicle
showed a three-fold increase in the GSSG/GSH ratio (red bar) (*p < 0.05, One-way ANOVA followed by Tukey’s post-hoc test) compared with
rats drinking only water (green bar). The simultaneous intranasal and intravenous administration of three secretome doses (on day 22 of the
chronic morphine access and on days 2 and 9 of the deprivation period) resulted in the full normalization of the GSSG/GSH ratio (blue bar)
(*p < 0.05, One-way ANOVA followed by Tukey’s post-hoc test). F MDA levels in the neostriatum. Chronic morphine drinking rats treated with
vehicle showed a two-fold increase in MDA levels (red bar) (****p < 0.0001, One-way ANOVA followed by Tukey’s post-hoc test) compared with
rats drinking only water (green bar). Simultaneous intranasal and intravenous administration of three secretome doses resulted in the near
complete normalization of the MDA levels (blue bar) (**p <0.01, One-way ANOVA followed by Tukey’s post-hoc test). Data are presented as

mean + SEM; n =9 for each experimental condition.
o

N

and 9 of the deprivation period) and allowed morphine (150 mg/l)
re-access for 24 hours (water was always available through both the
deprivation period and morphine re-access). We observed that upon
morphine re-access, secretome-treated animals ingested a signifi-
cantly lower amount of morphine (p <0.01, Two-tailed Student t
test) (Fig. 1C) and showed a reduced morphine preference (p < 0.01,
Two-tailed Student t test) (Fig. 1D) compared with vehicle-treated
animals.

Simultaneous intranasal and intravenous administration of secre-
tome derived from human preconditioned MSCs to Wistar rats
chronically ingesting morphine normalizes the increased astrocyte
reactivity and brain oxidative stress induced by morphine intake.
Glial cells are the central players in the induction and maintenance
of brain inflammation [50]. As indicated, neuroinflammation and
oxidative stress self-perpetuate each other and may be respon-
sible for relapse drug intake despite prolonged drug abstinence
[8]. Thus, neuroinflammation was evaluated determining glial
reactivity, evidenced as morphological changes in astrocytes and
microglial density in the hippocampus. To determine whether
secretome administration reduced morphine-induced neuroin-
flammation animals were euthanized immediately after the 24-
hour morphine re-access and their hippocampi were processed for
astrocyte and microglia immunofluorescence. Animals that were
never exposed to morphine (water group) were used as controls.
As expected, chronic morphine intake induced a marked
astrocytosis evidenced by a significant increase in the length
(p <0.0001, One-way ANOVA followed by Tukey’s post-hoc test)
(Fig. 2A top and B) and thickness (p < 0.0001, One-way ANOVA
followed by Tukey's post-hoc test) (Fig. 2A top and C) of the
primary astrocytic processes compared with those of water
drinking animals. Secretome administration fully reversed the
increase in the length and thickness of primary astrocytic
processes (p <0.0001, One-way ANOVA followed by Tukey's
post-hoc test) (Fig. 2A top and B and C). Morphine ingesting
animals also showed a significant increase in microglial density
(p < 0.01, One-way ANOVA followed by Tukey’s post-hoc test) (Fig.
2A center and D) compared with those of water drinking animals.
Secretome administration had no significant impact on morphine-
increased microglial density (Fig. 2A center and D).

Oxidative stress was determined as the ratio of oxidized/
reduced glutathione (GSSG/GSH) in the hippocampus and by the
level of lipid peroxidation in the neostriatum (two brain structures
of the reward system) since both are highly sensitive hallmark
indicators of the brain cellular redox state [51]. We observed that
GSSG/GSH ratio in the hippocampus of rats chronically ingesting
morphine, deprived of morphine for 12 days and allowed
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morphine re-access for 24 hours was increased 3.5-fold compared
to that in water drinking animals (p <0.05, One-way ANOVA
followed by Tukey’s post-hoc test) (Fig. 2E). Three intranasal and
intravenous administrations of MSC-derived secretome (one
during the chronic morphine intake and two during the
deprivation period) fully restored the normal GSSG/GSH ratio
(p < 0.05, One-way ANOVA followed by Tukey’s post-hoc test) (Fig.
2E). Similar results were observed for the evaluation of MDA levels
in the neostriatum (Fig. 2F); thus, indicating that protracted
neuroinflammation and oxidative stress induced by voluntary
morphine intake were suppressed by secretome administration.

Simultaneous intranasal and intravenous administration of secre-
tome derived from human preconditioned MSCs to Wistar rats
chronically ingesting morphine does not modify the increase of
morphine-induced expression of neither u-opioid receptor nor
glutamate transporters. The p-opioid receptor 1 (OPRM1) is the
main subtype receptor for morphine in the central nervous system
[52], exhibiting a clear role in morphine-induced analgesia and
morphine rewarding effects and dependence [53]. Changes in the
activity of glial glutamate transporters, which regulate glutamate
uptake have also been implicated in the development of
morphine dependence [54]. Thus, we measured in prefrontal
cortex and nucleus accumbens the mRNA levels of (a) OPRM1, (b)
xCT and (c) GLT-1, 24 hour after morphine re-access. Morphine
drinking animals showed a significant increase in mRNA levels of
OPRM1 (p < 0.05, One-way ANOVA followed by Tukey's post-hoc
test) in prefrontal cortex and nucleus accumbens (Fig. 3A) and, an
unexpected increase in xCT mRNA level (p<0.05 One-way
ANOVA followed by Tukey’s post-hoc test) in prefrontal cortex
and nucleus accumbens (Fig. 3B) and in GLT-1 mRNA level
(p < 0.05, One-way ANOVA followed by Tukey’s post-hoc test) in
prefrontal cortex only (Fig. 3C) compared to water drinking
animals. Secretome administration to morphine dependent
animals did not alter morphine-induced mRNA levels of OPRM1,
xCT and GLT-1 since differences in the mRNA levels of these
molecules were not significant compared to morphine dependent
animals treated with the vehicle.

Model 2: Wistar-derived UChB rats

Intranasal administration of secretome derived from human
preconditioned MSCs inhibits chronic morphine intake and reduces
post-deprivation morphine re-access intake in UChB rats. Numer-
ous studies have identified the contribution of heredity on drug
dependence and the possible role of common pathways
associated with dependence for multiple drugs [55]. The Wistar-
derived UChB rat line, selectively bred during ninety generations

Translational Psychiatry (2022)12:462
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Fig.3 Simultaneous intranasal and intravenous administration of secretome derived from human preconditioned MSCs to Wistar did not
modify the morphine-induced increases in the brain expression of p-opioid receptor or glutamate transporters. Quantification of the
mRNA levels of the (A) p-opioid receptor OPRM1; (B) xCT glutamate transporter and (C) GLT-1 glutamate transporter, determined by RT-qPCR
in prefrontal cortex (top) and nucleus accumbens (bottom) of rats chronically drinking morphine, deprived for morphine for 12 days and
allowed morphine re-access for 24 hours. Data were normalized against the mRNA level of the housekeeping gene GAPDH in the same
sample. Morphine intake induced a significant increase in p-opioid receptor mRNA levels in prefrontal cortex and nucleus accumbens (red
bars in A) (*p < 0.05, One-way ANOVA followed by Tukey's post-hoc test), in xCT mRNA levels in prefrontal cortex and nucleus accumbens (red
bars in B) (*p < 0.05, **p < 0.01 One-way ANOVA followed by Tukey’s post-hoc test), and in GLT-1 mRNA levels in prefrontal cortex (red bars in
C) (*p < 0.05, One-way ANOVA followed by Tukey’s post-hoc test), compared with water drinking animals (green bars). Simultaneous intranasal
and intravenous administration of three secretome doses (on day 22 of the chronic morphine access and on days 2 and 9 of the deprivation
period) had no impact on the mRNA levels of these molecules. Data are presented as mean + SEM; n =9 for each experimental condition.

for its high voluntary ethanol consumption [36, 37], appears as a
useful model to study oral poly-drug addiction [34, 35]. Thus, we
evaluated if secretome administration could reduce chronic
morphine intake in the UChB rat model. UChB rats were
pretreated with a daily intraperitoneal dose of morphine (40 mg/
kg) for 9 days to promote subsequent voluntary morphine intake.
After discontinuation of systemic morphine administration, the
animals were offered free-choice access between two bottles, one
containing water and the other a morphine solution of increasing
concentrations on successive days; a paradigm in line with studies
of nicotine self-administration [41, 42] (Supplementary Fig. 1B). A
progressive escalation of voluntary oral morphine consumption
was achieved by increasing the concentration of the morphine
solution offered (Supplementary Fig. 3A). Following 15 days of
access to 44 and 50 mg/I morphine solutions and water, animals
achieved a stable oral morphine consumption of 7.4+0.2mg
morphine/kg/day. After 10 weeks of continuous voluntary
morphine consumption, animals were divided into two groups
and treated with an intranasal dose of secretome (25ug protein)
derived from 1 x 10° preconditioned MSCs or vehicle. It has been
previously reported that, by this route of administration, MSC-
secretome is effective in reducing voluntary alcohol and nicotine
intake in UChB rats [34]. As shown in Fig. 4A-Left, the first
intranasal secretome administration induced a 37% reduction
(p <0.0001, Two-way ANOVA) in voluntary morphine intake
compared to that of vehicle-treated animals. The intranasal
administration of additional secretome doses given every five
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days for two weeks significantly enhanced (p < 0.0001, Two-tailed
Student t test) the inhibitory effect of secretome, reaching a 72%
reduction in morphine intake after three intranasal secretome
doses (2.2+0.4mg morphine/kg/day for secretome-treated ani-
mals versus 7.7+0.2mg morphine/kg/day for vehicle-treated
animals). The half-life of the secretome inhibitory action on
morphine intake is of the order of 6-7 days, such that the
secretome administration every 5 days results in a cumulative
effect. As expected, the reduction in morphine intake induced by
secretome administration was associated with a significant
reduction (p<0.01 to 0.0001, Two-way ANOVA) in morphine
preference versus water (Fig. 4B-Left). Secretome-induced inhibi-
tion of morphine intake was counterbalanced by increases in
water intake (p <0.0001, Two-way ANOVA) (Fig. 4C Left), thus
indicating that rats kept their hydric homeostasis. Four days after
the last intranasal dose of secretome, animals were deprived of
the morphine solutions for five days and treated with a fourth
dose of secretome or vehicle during the first day of deprivation.
Subsequently, rats were allowed re-access to the 44- and 50 mg/I
morphine solutions for one day to evaluate post-deprivation
relapse intake. Animals in the vehicle-treated group ingested
7.2+0.2 mg morphine/kg/day while animals in the secretome-
treated group ingested 2.0 + 0.2 mg morphine/kg/day; thus, a 72%
reduction (p <0.0001, Two-tailed Student t test) in post-
deprivation morphine relapse intake (Fig. 4A-Right). Secretome
administration also significantly reduced (p <0.0001, Two-tailed
Student t test) morphine preference over water upon re-access
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Fig. 4 Repeated intr ration of secretome derived from human preconditioned MSCs to UChB rats that had chronically
consumed morphine inhibits its intake and reduces post-deprivation relapse. A-Left Daily morphine intake and (B-Left) morphine
preference over water. UChB rats that had consumed morphine for 76 days were intranasally treated with three doses of secretome derived
from preconditioned MSCs or vehicle (indicated by arrows). Two-way ANOVA (treatment x day) of morphine intake following three intranasal
doses of MSC secretome indicates significant effect of treatment [F(; 150 = 195.4, p < 0.0001], day [F>g 1509 = 8.76, p < 0.0001], and significant
interaction [F29789 = 10.15, p <0.001] compared with control rats receiving vehicle. Tukey’s post-hoc analysis revealed that secretome
treatment (blue circles) inhibited morphine intake during the 14 days recorded period, versus vehicle-treated control (red circles)
(***p < 0.001). The inhibition of morphine intake induced by the third secretome dose (72%) was significantly higher (**p <0.01) than the
inhibition induced by the second dose (50%) and the inhibition induced by the latter was significantly higher (*p < 0.05) than the inhibition
induced by the first dose (34%) (two-tailed Student t test). (A Right) Morphine intake and (B Right) morphine preference over water of UChB
rats after five days of morphine deprivation followed by one day of free choice of 44 mg/l and 50 mg/l morphine re-access. Rats treated
previously with four intranasal secretome doses (blue bar) ingested a 74% lower amount of morphine than vehicle treated animals (red bar)
(****p < 0.0001; Two-tailed Student t test). (C Left) Daily water intake showing that intranasal administration of three secretome doses (blue
circles) significantly increased water intake compared with vehicle treated rats (red circles). Two-way ANOVA (treatment x day) indicates
significant effect of treatment [F; ;5 = 213.9, p <0.0001], day [F(35216) = 104.7, p<0.0001], and significant interaction [Fs5 276 = 11.92,
p <0.0001]. Tukey’s post-hoc analysis revealed that secretome treatment increases water intake during the 14 days recorded versus vehicle-
treated control (***p < 0.001). The higher water intake induced by the third secretome dose (80%) was significantly higher than the increase
induced by the first dose (57%) (*p < 0.05, two-tailed Student t test). (C Right) Water intake after five days of morphine deprivation followed by
one day of 44 mg/l and 50 mg/l morphine solutions re-access. Rats treated previously with four intranasal secretome doses (blue bar) ingested
a significantly higher amount of water than vehicle control animals (red bar) (****p < 0.0001, Two-tailed Student t test). (D) Total fluid intake
and animals body weights of UChB rats intranasally treated with secretome derived from preconditioned MSCs (blue circles) or vehicle (red
circles). Data showed that body weight or total fluid intake were not affected by secretome administration, indicating that effects induced by
this treatment were specific for morphine intake. Data are presented as mean + SEM; n = 4 for each experimental condition.

(Fig. 4B-Right). As also observed in the Wistar rat model,
secretome administrations had no impact on total fluid intake or
animal weight in UChB rats (Fig. 4D).

Intranasal administration of secretome derived from human
preconditioned MSCs reduces morphine-induced astrocyte activation
and brain oxidative stress in UChB rats. As for the Wistar rat
model, we evaluated whether chronic morphine intake also
induced neuroinflammation and brain oxidative stress in UChB
rats and whether these parameters could be normalized by
secretome administration. To this end, animals were euthanized
after the 24-hour morphine re-access. Animals that were never
exposed to morphine (water group) were used as controls. Once
again, chronic morphine intake induced a marked astrocytosis
evidenced by a significant increase in the length (p <0.0001, One-
way ANOVA followed by Tukey’s post-hoc test) (Fig. 5A-top and
Fig. 5B) and thickness (p <0.0001, One-way ANOVA followed by
Tukey’s post-hoc test) (Fig. 5A-top and C) of primary astrocytic
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processes in hippocampus compared with those in water drinking
animals. Secretome administration fully reversed the increase in
the length and thickness of primary astrocytic processes
(p <0.0001, One-way ANOVA followed by Tukey’s post-hoc test)
(Fig. 5A-top, B and C). Morphine ingesting animals also showed a
significant increase in microglial density (p<0.001, One-way
ANOVA followed by Tukey’s post-hoc test) (Fig. 5A-center and D)
compared with that in water drinking animals, while the
administration of secretome had no impact on morphine-
increased microglial density (Fig. 5A-center and D).

As also seen in Wistar rats, UChB rats showed a significant
increase (p < 0.001, One-way ANOVA followed by Tukey’s post-hoc
test) of GSSG/GSH ratio in hippocampus (Fig. 5E) and of MDA
levels (p <0.01, One-way ANOVA followed by Tukey's post-hoc
test) in neostriatum (Fig. 5F) of morphine-drinking compared to
water drinking animals. Intranasal secretome administration fully
restored the GSSG/GSH ratio (p < 0.001, One-way ANOVA followed
by Tukey’s post-hoc test) (Fig. 5E) and the MDA levels (p < 0.01,
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One-way ANOVA followed by Tukey’'s post-hoc test) to levels
observed in animals that were not exposed to morphine (Fig. 5F).

Single intranasal administration of secretome derived from human
preconditioned MSCs during the morphine deprivation period
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reduces morphine relapse in UChB rats. Subsequent studies
evaluated whether the administration of a single intranasal dose
of secretome derived from preconditioned MSCs, given only
during the deprivation period, reduced the post-deprivation
morphine relapse upon morphine re-access. To increase voluntary
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Fig. 5 Intranasal administration of secretome derived from human preconditioned MSCs reduces morphine-induced astrocyte activation
and brain oxidative stress in UChB rats. A Representative confocal microphotographs of GFAP immunoreactivity (red top) for hippocampal
astrocytes and Iba-1 immunoreactivity (green, shown by arrows, center) for hippocampal microglia. Nuclei were counterstained with DAPI
(blue, nuclear marker), scale bar 25 pm. B Quantification of length and (C) thickness of primary astrocytic processes. D Quantification of
microglia density. Chronic morphine-ingesting rats treated with vehicle displayed a marked increase in the length and thickness of astrocytic
processes (****p < 0.0001, One-way ANOVA followed by Tukey’s post-hoc test) and microglial density (red bars in B-D) (***p < 0.001, One-way
ANOVA followed by Tukey’s post-hoc test) compared with water drinking rats (green bars in B-D). The intranasal administration of secretome
significantly reduced the length and thickness of primary astrocytic processes (blue bars in B and C) (****p < 0.0001, One-way ANOVA followed
by Tukey’s post-hoc test) compared with the morphine vehicle treated animals (red bars in B and C). E Quantification of GSSG/GSH ratio in the
hippocampus. Chronic morphine drinking rats treated with vehicle showed a 2.5-fold increase in GSSG/GSH ratio (red bar) (***p < 0.001, One-
way ANOVA followed by Tukey’s post-hoc test) compared with rats drinking only water (green bar). Intranasal administration of secretome
resulted in the fully normalization of the GSSG/GSH ratio (blue bar) (***p <0.001, One-way ANOVA followed by Tukey’s post-hoc test).
F Quantification of MDA levels in neostriatum. Chronic morphine drinking rats treated with vehicle showed a 60% increase in MDA levels (red
bar) (**p < 0.01, One-way ANOVA followed by Tukey’s post-hoc test) compared with rats drinking only water (green bar). Intranasal secretome
administration resulted in the full normalization of MDA levels (blue bar) (**p < 0.01, One-way ANOVA followed by Tukey’s post-hoc test). Data
ﬂ'e presented as mean + SEM; n =4 for each experimental condition.

N

morphine intake and to induce a more potent morphine relapse,
the previous paradigm of morphine self-administration was
slightly modified. The priming schedule of daily intraperitoneal
administration of 40 mg/kg morphine was extended from 9 to
11 days and the morphine concentrations offered on the
subsequent two-bottle choice was increased at a faster pace,
reaching 90 mg/| within 41 days of morphine exposure (Supple-
mentary Fig. 1C). Rats subjected to this paradigm consumed
14.1 £ 0.1 mg of morphine/kg/day (Supplementary Fig. 3B).

After eight weeks of continuous voluntary oral morphine
consumption, animals were deprived of morphine solutions for
six days. Following four days of deprivation rats were administered
a single intranasal dose of secretome (25ug protein) derived from
1%10° preconditioned MSCs or vehicle while the deprivation was
continued for two additional days, after which animals were
allowed re-access to the 80 and 90 mg/l morphine solutions for
two days (water was always available through all the experiment).
The single-dose secretome administration induced a 85% reduc-
tion of morphine relapse intake (p < 0.0001, Two-tailed Student t
test) assessed 24 hours after morphine re-access, compared to
vehicle-treated rats (2.9 + 0.6 mg morphine/kg/day for secretome-
treated animals versus 14.3 + 0.5 mg morphine/kg/day for vehicle-
treated animals), an effect that was maintained in the second re-
access day (Fig. 6A). Secretome administration during the
deprivation period also reduced morphine preference over water
upon re-access (Fig. 6B) and increased water intake (Fig. 6C),
without affecting total fluid intake or animal weight (Fig. 6D).

DISCUSSION

Studies conducted on a model of opioid dependence in Wistar
rats which reproduce a severe naloxone-induced withdrawal [10],
demonstrated that secretome derived from preconditioned
human mesenchymal stem cells administered intranasally and
systemically (i) virtually abolished morphine dependence as
shown by a > 95% reduction of voluntary morphine consumption,
(i) fully suppressed morphine-induced brain oxidative stress
determined by the normalization of increases in GSSG/GSH ratio
in the hippocampus and lipid peroxidation in the neostriatum, and
(iii) inhibited neuroinflammation evidenced by a full reversal of
astrocytic morphological changes induced by chronic morphine
self-administration.

The second model of voluntary oral morphine intake was
implemented in rats bred as heavy alcohol drinkers (UChB), since
these animals have shown a strong drug-permissive genetic
background. In such a model, rats orally self-administered
morphine solutions of increasing concentrations after systemic
morphine administration. In this animal model, intranasal admin-
istration of a secretome dose once every five days for 15 days (i)
inhibited voluntary morphine intake by 72%, (ii) normalized the
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GSSG/GSH ratio and the lipid peroxidation index and (iii) reduced
neuroinflammation evidenced as a full reversal of astrocyte
morphological changes induced by chronic morphine self-
administration in the hippocampus, an area related to memory
consolidation.

The inhibition of morphine intake reported in both models is
consistent with the finding that secretome antagonized both the
oxidative stress and the neuroinflammation which characterize
the use of addictive drugs [8-10]. Indeed, morphine consumption
induces oxidative stress and elevates NO synthesis following p-
opioid receptor activation [8, 11], while neuroinflammation results
from the use of opioids [12], mainly activating NFkB signaling
leading to the production of pro-inflammatory mediators
[10, 13, 14]. The results in the present study are in line with
previous reports in animal models of opioid consumption showing
that systemic administration of ibudilast, an anti-inflammatory
molecule that reduces TNF-a levels, reduces opioid withdrawal
[56], while intraperitoneal administration of the antioxidant N-
acetyl-cysteine, which improves glutamate uptake, also reduced
relapse [57]. In the same line, Motaghinejad et al. reported that the
daily intraperitoneal administration of the polyphenol curcumin,
with recognized antioxidant and anti-inflammatory properties,
lowered the increased levels of brain oxidized glutathione and
lipid peroxidation in morphine-treated rats [58], attenuating
morphine tolerance and dependence. Thus, the above studies
strengthen the idea that blocking the inflammatory and pro-
oxidative effects of morphine may provide a promising therapeu-
tic strategy.

Brain oxidative stress and neuroinflammation following the use
of addictive drugs [8, 10, 59]; interact in a long-acting vicious cycle
which self-perpetuate each other and inhibit the tripartite synaptic
glutamate removal by the astrocyte glutamate transporter GLT-1.
Indeed, a hyperglutamatergic tonus has been reported for all
addictive drugs [60]; in line with the finding that reinstatement of
heroin seeking by conditioned cues is associated with glutamate
overflow in the nucleus accumbens [61], and with the observation
that glutamate and malondialdehyde (MDA) levels and GSSG/GSH
ratio were progressively increased in the brain of morphine
treated mice [62, 63]. The potent anti-inflammatory and antiox-
idant effects of MSC-derived secretome are well documented in
animal models of stroke [64], perinatal asphyxia [65] and traumatic
brain injury [66], where behavioral dysfunctions and markers of
neuroinflammation and oxidative stress are reduced after
secretome administration.

It is noted that MSC administration has been tested for the
treatment of opioid tolerance, one of the complications commonly
seen after chronic opioid medical use, which is also associated
with neuroinflammation, but in the spinal cord [67]. This report
indicated that the intravenous administration of rat MSCs to
animals that had received daily morphine injections significantly

Translational Psychiatry (2022)12:462
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Fig. 6 A single intranasal administration of secretome derived from human preconditioned MSCs during the deprivation period to UChB
rats that had chronically consumed morphine markedly reduces post-deprivation relapse. A Morphine relapse intake and (B) Morphine
preference over water of UChB rats that had voluntarily consumed morphine for 57 days were morphine deprived for six days and intranasally
treated with a single dose of secretome derived from preconditioned MSCs or vehicle (indicated by the arrow) on day 61. Relapse morphine
intake and morphine preference upon re-access to the 80 and 90 mg/l morphine solutions over water was significantly reduced in secretome
treated rats (80% to 85% ****p < 0.0001, two-tailed Student t test) on the two re-access days (blue bars in A and B) compared with vehicle
treated animals (red bars in A and B). C Daily water intake showing that secretome administration during the morphine deprivation period
significantly increased water intake (days 64 and 65) (****p < 0.0001, Two-tailed Student t test) upon morphine re-access (blue bar) compared
with vehicle-treated animals (red bar). D Total fluid intake and animals body weight of UChB rats intranasally treated with secretome derived
from preconditioned MSCs (blue circles) or vehicle (red circles) during the deprivation period. Data shows that these parameters were not
affected by secretome administration. Data are presented as mean + SEM; n =6 for each experimental condition.

reduced opioid tolerance, restoring the sensitivity to morphine
[67]. In line with our results, the reported reduction of morphine
tolerance was related to the ability of MSCs to reduce inflamma-
tion, decreasing the activation of astrocytes in the spinal cord [67].
Previously, in animal models of ethanol and nicotine dependence,
we reported that the intranasal administration of MSC-derived
secretome was able to reduce both astrocytic activation and
microglial density [34], while for opioid dependence astrocytes
appear as the main players in the regulation of opioid relapse.

In the present studies, molecular markers of opioid-induced
dependence were examined in prefrontal cortex and nucleus
accumbens since these brain areas are highly involved in
morphine addiction [68]. As previously reported, we observed
that chronic morphine intake induced a significant increase in
OPRM1 mRNA levels, the main morphine receptor, in prefrontal
cortex and nucleus accumbens [10], but also an unexpected
increase in mMRNA levels of the glutamate transporters GLT-1 and
xCT. The reason for the increase in mRNA levels of glutamate
transporters by chronic morphine intake is not known. Never-
theless, these could be associated with a compensatory mechan-
ism related to an increased oxidation of glutamate transporters
induced by ROS generated by the chronic morphine consumption,
since these transporters present complex regulations [69].
Secretome administration had no impact on morphine-induced
mMRNA levels of these molecules.

While treatment of opioid-dependent patients without prior
waiting for a protracted opioid withdrawal, as shown in the
models presented here appears promising, abstinent addicts are
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at high risk of relapse due to conditioned craving elicited by drug-
paired cues [70], leading to a relapse rate of more than 90% after
the first month of abstinence [71]. Thus, we also evaluated
whether secretome administration given only during the depriva-
tion period could also reduce opioid intake upon re-access. We
observed that a single intranasal administration of secretome
during the morphine withdrawal period markedly reduced (85%)
relapse opioid intake upon re-access, suggesting that MSC-derived
secretome could be a useful biodrug for the treatment of opioid
addiction.

It is noted that in the Wistar rat (model 1) study, aiming at
blocking both the peripheral [72] and central effects of morphine
[73], MSCs secretome was administered a single time both
intravenously and intranasally. This dual route fully abolished
(>95%) morphine dependence intake, an effect observed mostly
within the first 48 hours. Such a finding is noteworthy given that in
this animal model, naloxone administration generates a most
pronounced withdrawal reaction [10]. The UChB rat (model 2)
studies showed that by itself the intranasal route was only partially
effective in reducing self-administration while a single dose was
most effective in reducing post-deprivation relapse (80-85%). The
intranasal route may be valuable for the withdrawn opioid user for
self-application after a methadone tapering period.

Further studies are required to determine the full duration of
the anti-relapse action of secretome and the number of doses
needed to maintain the observed therapeutic effects. However,
since intranasal administration of MSC-derived secretome has also
shown to have potent therapeutic-like effects in animal models of
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alcohol and nicotine addiction [34], data suggest that this biodrug
could have therapeutic potential for polydrug users; a frequent
situation [74] for which there is no FDA approved medication [75].

It is noted that opioid substitution has become the treatment of

choice for heroin dependence, and methadone and buprenor-
phine are the substitution drugs most often prescribed. Impor-
tantly, polydrug use is particularly prevalent among this group of
patients (EMCDDA 2009). In the Netherlands, one half of the
methadone users reported cocaine as their secondary drug (IVZ,
2004). Cocaine use can also increase alcohol use, and about 60%
of patients in a methadone maintenance program who also used
crack cocaine reported using alcohol to come down [76]. In
Barcelona, more than one-third of patients were found to be
polydrug users when they began methadone maintenance
treatment [77]. In essence, polydrug users become opioid
dependent, thus greatly adding to the number users at risk of a
fentanyl overdose.

A question that can be asked is whether the opioid dependent

patient receiving secretome will change to another drug. It is
known that the use of several substances by an individual reflects
the replacement of one drug by another, due to changes in price,
availability, legality, or fashion [78]. Thus, it can also be suggested
that drug changes may also occur if there is a secretome-reduced
pharmacological potency of the opioid. However, several studies
suggest a common mechanism of relapse for different drugs of
abuse [17]. Such a view might explain our reports that
mesenchymal stem cells and/or its secreted products inhibit drug
relapse of several drug types including ethanol, nicotine and now
opioids [30, 31, 34, 79, 80].

If the findings in present studies are successfully reproduced in

the clinical situation, the administration of mesenchymal stem cell
secretome to opioid dependent patients could also have a major
economic impact. The Pew-Trust in 2021 [81] estimated the cost of
the opioid epidemic In the United States to be $131.8 billion
dollars (Health care cost $35 billion; Criminal Justice 14.8 billion;
Loss of productivity due to premature death due to overdose and
productive hours due to AUD and incarceration: $92 billion).

Overall, the studies conducted show that the administration of

secretome derived from human preconditioned MSCs abolishes
the opioid-induced neuroinflammation and brain oxidative stress,
leading to a significant reduction in chronic opioid intake and
opioid relapse. The reported preclinical data may have transla-
tional value in reducing the opioid epidemic.
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ABSTRACT

Background: Morphine is an opiate commonly used in the treatment of moderate to severe pain.
However, prolonged administration can lead to physical dependence and strong withdrawal symptoms
upon cessation of morphine use. These symptoms can include anxiety, irritability, increased heart rate,
and muscle cramps, which strongly promote morphine use relapse. The morphine-induced increases
of neuroinflammation, brain oxidative stress, and alteration of glutamate levels in the hippocampus
and nucleus accumbens have been associated with morphine dependence and a higher severity of
withdrawal symptoms. Due to its rich content in potent anti-inflammatory and antioxidant factors,
secretome derived from human mesenchymal stem cells (hMSCs) is proposed as a preclinical
therapeutic tool for the treatment of this complex neurological condition associated with
neuroinflammation and brain oxidative stress.

Methods: Two animal models of morphine dependence were used to evaluate the therapeutic efficacy
of hMSC-derived secretome in reducing morphine withdrawal signs. In the first model, rats were
implanted subcutaneously with mini-pumps which released morphine at a concentration of 10
mg/kg/day for seven days. Three days after pump implantation, animals were treated with a
simultaneous intravenous and intranasal administration of hMSC-derived secretome or vehicle, and
withdrawal signs were precipitated on day seven by i.p. naloxone administration. In this model, brain
alterations associated with withdrawal were also analyzed before withdrawal precipitation. In the
second animal model, rats voluntarily consuming morphine for three weeks were intravenously and
intranasally treated with hMSC-derived secretome or vehicle, and withdrawal signs were induced by
morphine deprivation.

Results: In both animal models secretome administration induced a significant reduction of withdrawal
signs, as shown by a reduction in a combined withdrawal score. Secretome administration also
promoted a reduction in morphine-induced neuroinflammation in the hippocampus and nucleus

accumbens, while no changes were observed in extracellular glutamate levels in nucleus accumbens.
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Conclusion: Data presented from two animal models of morphine dependence suggest that
administration of secretome derived from hMSCs reduces the development of opioid withdrawal signs,

which correlates with a reduction in neuroinflammation in the hippocampus and nucleus accumbens.
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INTRODUCTION

The opioid dependence crisis has emerged as a significant global health concern (1), affecting millions
of individuals, negatively impacting their physical, mental, and social well-being. This situation has
been exacerbated during the COVID-19 pandemic, with the CDC’s National Center for Health Statistics
reporting an increase of nearly 15% in opioid overdose deaths in the United States from 2020 to 2021
(2), with opioids responsible for almost 70% of all drug overdose deaths (3, 4). Morphine, a potent
opiate analgesic, is frequently used for severe pain management but also has a high potential for abuse
and dependence (5). One of the significant challenges faced by individuals attempting to discontinue
morphine use is the withdrawal syndrome, a set of severe physiological and psychological symptoms
experienced upon cessation or reduction of drug consumption (6). Withdrawal symptoms can vary in
intensity depending on the duration and type of opioid abuse, but also by individual factors (7, 8), often
leading to significant distress and discomfort. Consequently, a significant number of opioid-dependent
individuals return to opioid abuse to alleviate their symptoms (9), perpetuating the cycle of addiction

and dependence (10).

The main cause of withdrawal is related to the brain adaptation occurring while the individual is
subjected to a constant opioid stimulus and subsequent p-opioid receptor activation (11), which is the
main target of most commonly abused opioids, including morphine (12). Specifically, u-opioid receptor
activation results in reduction of cAMP levels and increase in potassium channels activation (11). These
effects reduce neuron excitability and affect brain areas with abundant p-opioid receptor expression,
including areas related to affective responses like the hippocampus and the nucleus accumbens (13,
14). It is discussed whether the brain responds to this increased opioid activation by increasing its

excitatory tone, including increased glutamatergic activity (11, 15).

Recent evidence suggests that a deregulated tone in glutamatergic activity is increased by glial immune
activation. Opioids, including morphine, have been associated with an increase in both systemic and

brain oxidative stress and inflammation (16-19). Morphine can promote glial activation, and the

Page 4 of 47

47




50f47

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99
100

101

102

103

104

105

106
107

108

109

110

111

CNS Neuroscience & Therapeutics

subsequent increase in oxidative stress and inflammatory markers, by the direct activation of p-opioid
receptors (20, 21). In addition, morphine activates a sensor of foreign molecules, the toll-like receptor
4 (TLR4), promoting a pro-inflammatory signaling cascade and upregulation of pro-inflammatory
cytokines (22). The resulting neuroinflammation has been shown to be persistent, promoting the
increase of brain oxidative stress (20, 23, 24). An increase of neuroinflammation can alter behavior by
modaulating glutamatergic neurotransmission, first by upregulation of oxidant enzymes, and then by
inactivation and downregulation of main glutamate transporters, like glutamate transporter-1 (GLT-
1), in charge of glutamate uptake, and possibly the glutamate interchanger system X, and its catalytic
subunit xCT, that promotes the release of extrasynaptic glutamate (24-27). A reduction of these
transporters levels and activity have been correlated to increased spillover of glutamate in the nucleus
accumbens, increasing the activation of extrasynaptic glutamate receptors, in a model of heroin self-
administration and withdrawal (29). Consequently, an increase in GLT-1 levels in the hippocampus and
nucleus accumbens is correlated with reduced morphine and heroin relapse and withdrawal (23, 28,

29).

Conventional treatments for opioid withdrawal syndrome include opioid maintenance therapy, in
which long-acting opioids like methadone are prescribed to replace short-acting abused opioids like
morphine or fentanyl. However, this therapy has limited efficacy since patients often return to taking
the abused opioid when experiencing abstinence, and it does not address the brain adaptations that
trigger withdrawal symptoms and promote relapse (16, 30, 31). Thus, there is an urgent need to

explore novel therapeutic strategies to alleviate withdrawal symptoms, handling opioid abstinence.

One promising approach for treating complex neurological diseases associated to neuroinflammation
and brain oxidative stress is the use of secretome derived from human mesenchymal stem cells
(hMSCs) (23, 32-36). Secretome derived from hMSCs is a complex mixture of bioactive molecules,
containing proteins, lipids, and regulatory microRNAs (miRNAs), with potent anti-inflammatory,

immunomodulatory, and regenerative properties, that can be easily obtained by the in vitro culture of
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these cells (23, 37). Given the prominent role of oxidative stress and neuroinflammation in opioid
withdrawal, the hMSCs secretome may offer a valuable therapeutic avenue for the management of

morphine withdrawal syndrome.

In this preclinical study, we aimed at evaluating the therapeutic effects of the simultaneous
intravenous and intranasal administration of h(MSC-derived secretome on morphine withdrawal, using
two animal models of morphine dependence. This dual-route approach for secretome administration
was designed to maximize the therapeutic impact against opioid withdrawal, capitalizing on the unique
benefits of each route. The intranasal method provides a non-invasive delivery directly to the brain,
leveraging the olfactory and trigeminal pathways to bypass the blood-brain barrier. In contrast, the
intravenous route ensures a systemic distribution of the therapy, effectively addressing the
widespread symptoms of opioid withdrawal. This combined approach, thus, targets both the central
nervous system and systemic manifestations of opioid withdrawal.

In the first animal model, rats were implanted subcutaneously with osmotic mini-pumps (Alzet) that
infused morphine at a constant concentration of 10 mg/kg/day for seven days, and a withdrawal
syndrome was precipitated by administration of the p-opioid antagonist naloxone three days after
secretome administration. In this model, in an additional group of animals, we also measured oxidative
stress and neuroinflammatory markers in the hippocampus and nucleus accumbens, and glutamate
extracellular levels in the nucleus accumbens, to assess the impact of hMSC secretome before the
withdrawal trigger. In the second animal model, rats voluntarily consumed morphine for 21 days,
reaching an oral morphine consumption of 17 mg/kg/day. In this model, the withdrawal syndrome was
spontaneously induced by morphine removal imposed immediately after secretome administration

and evaluated 48 hours later.

We hypothesized that secretome administration will decrease withdrawal behaviors and signs,
evaluated in both preclinical models of morphine dependence, in addition to a reduction in brain

oxidative stress and neuroinflammation, as well as normalization of glutamate levels.

Page 6 of 47

49




7 of 47

139

140
141

142

143

144

145

146

147

148

149

150

151

152

153
154

155

156

157

158
159

160

161

162

163

164

165

166

CNS Neuroscience & Therapeutics

MATERIALS AND METHODS

Animals

Animal model 1. Subcutaneous morphine administration and withdrawal syndrome precipitation by
naloxone: 8-week-old female Wistar rats, weighing 180 to 220 g, were housed individually under
controlled environmental conditions, including a 12-hour light/dark cycle and at a constant room
temperature. They were under unrestricted access to rodent food and water, facilitating their natural
behavioral patterns and minimizing extraneous stress.

Animal model 2. Oral voluntary morphine consumption and spontaneous withdrawal syndrome
precipitation by morphine deprivation: Just-weaned three-week-old female Wistar rats weighing 50-
65 g were single-housed under a constant temperature, with a 12-hour light/dark cycle, and
unrestricted access to standard rat chow and one bottle containing 0.15 mg/mL quinine hydrochloride
(Sigma-Aldrich) as the only water source to induce an adaptation to bitterness, facilitating the

subsequent oral voluntary morphine consumption as previously described (38).

All animal protocols were approved by the Committee for Experiments with Laboratory Animals at the
Universidad del Desarrollo (DCIM-2021/02). The brain microdialysis assays were approved by the
Animal Care Committee from the University of Valencia. The studies were conducted in accordance

with Spanish laws (RD 53/2013) and the European Directive (EC 2010/63).

Morphine administration and evaluation of withdrawal syndrome

Animal model 1: Subcutaneous morphine administration and withdrawal syndrome precipitation by
naloxone.

In this model, morphine dependence was developed in Wistar rats by implanting osmotic mini-pumps
subcutaneously (2ML2 ALZET®). These mini-pumps were loaded with morphine hydrochloride
(Sanderson Laboratory) to deliver a dose of 10 mg/kg/day, facilitating a steady and continuous release
of the drug (5 pl/hr) over seven days, following the manufacturer instructions. Controls animals were

implanted subcutaneously with osmotic mini-pumps releasing a saline solution. This model simulates
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a state of morphine dependence in rats, mirroring the constant exposure to the drug in human
scenarios (39).

Three days post-pump implantation, the morphine-treated animals were randomly divided into two
groups. One group received simultaneously an intranasal (25 pg of protein) and intravenous (25 ug of
protein) dose of secretome derived from 1x10° preconditioned human MSCs (n=8), while the other
group received the vehicle (n=8). Both doses were administered in a volume of 160 uL. Animals of the
control group (saline-treated) received intranasal and intravenous administration of vehicle. The dual-
route administration aims to simultaneously targeted the central and peripheral alterations induced
by morphine dependence.

After seven days of continuous morphine exposure, rats were intraperitoneally injected with 5 mg/kg
of the p-opioid receptor antagonist naloxone (Sigma-Aldrich) dissolved in 0.9% saline. Naloxone
administration triggered the sudden onset of a severe withdrawal syndrome (40), allowing for a
controlled observation and analysis of the somatic signs associated with opioid withdrawal.
Immediately after naloxone injection, each animal was placed in a glass beaker (300 mm height and
180 mm diameter) and monitored for a range of withdrawal symptoms for 30 minutes. These
symptoms included weight loss, percentage of the area covered by feces, and somatic signs including
jumps, ventral/dorsal flexes, stretching, chewing, burrowing, wet dog shakes, and forepaw tremors.
Additionally, vocalizations were recorded when the animal was held at the end of the induced
withdrawal syndrome. The behavioral monitoring was conducted by two investigators who were
blinded to the treatment conditions. The timeline of the experiments is depicted in Supplementary

Figure 1A.

Animal model 2: Oral voluntary morphine consumption and spontaneous withdrawal syndrome
precipitation by morphine abstinence.

In this model, Wistar rats voluntarily ingested morphine over a three-week period, leading to a state
of morphine dependence as previously described (38), resembling the clinical situation of chronic

morphine dependent patients . Briefly, following an initial seven-day exposure to 0.15 mg/mL quinine
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hydrochloride as the only water source, the animals transitioned to a two-week regimen where they
were given a choice between two bottles. One bottle contained quinine hydrochloride (0.15 mg/mL)
and the other a solution of morphine sulfate (Oramoph, Molteni Farmaceutics; 0.15 mg/mL), both
dissolved in tap water. After this period, the quinine bottle was removed, leaving the animals with a
choice between tap water and morphine sulfate (0.15 mg/mL) for an additional week. A control group
of animals had only access to water. To prevent side preference, the positions of the bottles were
alternated daily. Morphine intake and preference, overall fluid consumption, and body weight were
recorded daily. Unlike Model 1, where the withdrawal was precipitated by an p-opioid receptor
antagonist, in this model a withdrawal syndrome was induced by discontinuation of morphine access
after three weeks of morphine exposure. On the same day, rats were administered simultaneously
with intranasal and intravenous doses (same doses as Model 1) of either secretome or saline,
depending upon the experimental group (Supplementary Figure 1B). This allowed us to evaluate the
spontaneous manifestation of somatic signs of morphine withdrawal, which were recorded for 30
minutes 48 hours later. This approach simulates the natural course of withdrawal that would occur in
an individual dependent on morphine who suddenly discontinues drug use, allowing us to test the

effect of secretome administration during this stage.

In both animal models, a deprivation score was calculated based on the frequency of somatic
withdrawal signs. This score was derived from a graduated scoring system for each parameter

observed during a 30-minute evaluation period as previously reported (41, 42).

Isolation, expansion and characterization of human adipose tissue-derived MSCs.

Human mesenchymal stem cells (hMSCs) were obtained from freshly harvested subcutaneous adipose
tissue, a rich source of hMSCs (36, 43). The tissue was collected from patients undergoing cosmetic
liposuction at Clinica Alemana, Chile. Prior to the procedure, written informed consent was obtained.
The entire process was conducted under protocols approved by the Faculty of Medicine Ethics

Committee at Clinica Alemana-Universidad del Desarrollo, Santiago, Chile.
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hMSCs were isolated from the adipose tissue as previously described (34, 43). After two subcultures,
the cells were characterized based on the criteria proposed by the International Society for Cellular
Therapy (44), evaluating their phenotypic profile by surface marker expression and adipogenic,
osteogenic and chondrogenic differentiation capabilities, thereby confirming the cells' identity as

hMSCs (34, 43).

hMSC preconditioning and secretome production.

hMSCs at the third passage and 75% confluency were subjected to a preconditioning process. This
process was designed to increase the abundance of potent anti-inflammatory and antioxidant
molecules released by the cells as previously described (34). Preconditioning was achieved by
incubating the cells in minimum essential medium (a-MEM, Gibco) supplemented with 10% fetal
bovine serum (FBS, HyClone) plus 10 ng/ml| TNF-a (R&D System) and 15 ng/ml IFN-y (R&D System) for
40 hours (36, 43). After preconditioning, the hMSCs were exhaustively washed to remove the pro-
inflammatory cytokines and were cultured for an additional 48 hours in a-MEM, without FBS and
phenol red. The culture medium (secretome) was then collected and centrifuged at 400g for 10
minutes to remove any detached cells. The supernatant was subjected to a second centrifugation at
5,000g for 10 minutes to eliminate any residual cell debris. The secretome was then filtered using 0.22
um filters and concentrated to fifty times its original volume using 3 kDa cutoff filters (Millipore). The
protein concentration was determined using BCA protein assay kit (Thermo Scientific), and aliquots of

the secretome were stored at -80°C pending further applications.

Non-invasive administration of secretome derived from preconditioned hMSCs.

Before secretome administration, rats were anesthetized by an intramuscular administration of
ketamine (60 mg/kg) and acepromazine (4mg/kg) (45), and then positioned in supine position. A total
of 160 ul of the secretome, containing 25 ug of proteins derived from 1x10°® preconditioned hMSCs,
was administered intranasally. This was done by 20 ul droplets, alternately administered into each

nostril with a pipette tip over a period of 40 minutes (four times into each nostril) (36). Control animals
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received the same volume of saline solution. In addition to the intranasal route, the secretome was
also administrated intravenously. This was performed immediately after intranasal delivery, with
animals receiving a tail vein injection of 160 pl of secretome containing 25 pg of proteins derived from

1x10¢ preconditioned hMSCs. The control group received an equivalent volume of saline solution (23).

Assessment of morphine-induced neuroinflammation.

To evaluate neuroinflammation, we quantified the density of astrocytes and microglial cells in the
hippocampus and the nucleus accumbens of rats, as previously described (34, 46). Rats were
anesthetized by inhalation of 4% sevoflurane vapors (Baxter), and then intracardially perfused with 0.1
M PBS (pH 7.4) before euthanasia for brain sample collection.

Astrocyte and microglial density were evaluated by double-labeling immunofluorescence against the
astrocyte marker glial fibrillary acidic protein (GFAP), and the microglial marker ionized-calcium-
binding adaptor molecule 1 (Iba-1) in coronal 30 um thick cryo-sections of the hippocampus and
nucleus accumbens, following previously reported methods (47). In brief, the coronal sections were
washed with 0.1 M PBS, and blocked for 1 hour with a blocking solution (0.3% Triton X-100, 0.1% BSA,
and 10% normal goat serum in PBS). The sections were then incubated overnight at 4 °C with a primary
rabbit monoclonal anti-IBA-1 antibody (cat#019-19741, Wako) at a dilution of 1:500 and with a primary
mouse monoclonal anti-GFAP antibody (cat#G3893, Sigma-Aldrich) at a dilution of 1:500 in the
blocking solution. After this incubation, the sections were rinsed with PBS containing 0.3% Triton X-
100, thereafter incubated for 2 hours at room temperature in the dark, with a goat anti-rabbit
secondary antibody (Alexa Fluor 594, Thermo Fisher Scientific) at a dilution of 1:500 and a goat anti-
mouse secondary antibody (Alexa Fluor 488, Thermo Fisher Scientific) at a dilution of 1:500 in the
blocking solution and counterstained with 4,6 diamino-2-phenylindol (DAPI, Thermo Fisher Scientific,
0.02 M; 0.0125 mg/mL) for nuclear labeling. Microphotographs were taken from the Stratum Radiatum
of the hippocampus and from the nucleus accumbens (NAc) using a confocal microscope (Olympus

FV10i). The area analyzed for each stack measured 0.04 mm?, with the thickness (Z axis) being recorded
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for each case. The density of GFAP-positive astrocytes and lba-1-positive microglial cells was

determined using the FlJl image analysis software as previously reported (46, 47).

Assessment of morphine-induced oxidative stress.

To evaluate oxidative stress in the hippocampus of rats subjected to morphine exposure, with or
without hMSC-derived secretome administrations and under control condition (no morphine), we
measured the ratio of oxidized glutathione normalized by total protein (GSSG/protein) and the level
of a lipid peroxidation marker (malondialdehyde, MDA, levels). Both measurements serve as indicators
of oxidative stress (23, 46, 48). To evaluate the GSSG/protein ratio, we homogenized the hippocampus
using a potassium buffer solution supplemented with 5 mM EDTA (pH 7.4). This homogenate was
centrifuged at 18,000g for 20 minutes, after which an aliquot was removed from the supernatant for
protein measurement, before adding trichloroacetic acid (Sigma-Aldrich, T0699) for protein
precipitation. Then, the homogenate underwent a second round of centrifugation at 18,000g for 15
minutes. 20 pL of the resultant supernatant was treated with 0.5 pL of 2-vinylpyridine (Sigma-Aldrich,
100-69-6) to chemically mask reduced glutathione (GSH) (49), preventing the initial binding of the thiol
group from GSH with sulfhydryl reagent DTNB (Sigma-Aldrich), as this union exhibits absorbance at
412nm. Any excess of 2-vinylpyridine was neutralized using triethanolamine. To evaluate the amount
of GSSG, we first incubated the sample with B-NADPH (Sigma-Aldrich, N1630) and 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB). Then, GSSG in the sample was converted into GSH by the addition of
glutathione reductase (Sigma-Aldrich, G3664) and incubated at 37 °Cin a microplate reader (Multiskan
Sky, Thermo). GSH levels were measured by absorbance at 412 nm and the GSSG concentration in the
sample was obtained using a calibration curve. Protein levels were measured by the BCA method

(Thermo).

Lipid peroxidation was evaluated by measuring the formation of MDA, a product of lipid peroxidation.
The MDA levels were assessed using the Lipid Peroxidation assay kit (Sigma-Aldrich), following a

previously reported method (23, 48) and expressed as nmol MDA/mg protein.
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Surgical implantation of microdialysis probe.

Under isoflurane anesthesia, the rat was positioned in a stereotaxic apparatus (Stoelting). After
disinfecting the skin, a small incision was made over the skull, and the site was treated with 3%
lidocaine gel for analgesia. The Lambda and Bregma points on the skull were identified to determine
the placement of the microdialysis probes. Using these reference points, bilateral vertical concentric-
style microdialysis probes were implanted into the NAc (anteroposterior: +1.5 mm, mediolateral: £1.6
mm, dorsoventral: -8.0 mm from Bregma) (50). Holding screws were strategically inserted at two
random points near the NAc cranial placement for enhanced stability. The probes were secured with
dental cement, and the incision was sutured. After the surgery, the rats were allowed to recover in
their cages. A 2ML2 ALZET® systemic continuous infusion pump, loaded with morphine or vehicle as

described above for Animal Model 1, was also implanted during this procedure.

Assessment of glutamate levels by no-net-flux microdialysis.

To evaluate the effect of secretome administration on glutamate levels in the context of morphine
withdrawal syndrome, rats were divided into control, morphine-saline, and morphine-secretome. As
described above for Animal Model 1, the control group was implanted with a mini-pump filled with
saline, and the morphine-saline and morphine-secretome groups were implanted with mini-pumps
containing morphine to deliver a constant dose of morphine (10 mg/kg/day) over seven days. Three
days after pump implantation, the morphine-secretome group received intranasal and intravenous
doses of hMSCs-secretome, while the other two groups received saline. Seven days post-implantation,
the microdialysis process was started. Probes were perfused with artificial cerebrospinal fluid (aCSF)
at a rate of 2.5 puL/min. After an initial stabilization period of at least one hour, samples were collected
every 20 minutes to establish baseline glutamate levels. This was followed by the no-net-flux
technique, which was used to precisely determine the extracellular glutamate levels in the
implantation site by infusing increasing concentrations of glutamate (0.5 uM; 5 uM; 10 uM), with
samples collected for each concentration (following the protocol reported by Shen et al., 2014 (29)).

The placement of the cannula was confirmed post-operation using cresyl violet staining
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(Supplementary Figure 2). Only animals with correct microdialysis cannula placements were included

in the data analyses.

To quantify glutamate concentration in the collected microdialysis samples, we employed a High-
Performance Liquid Chromatography (HPLC) system equipped with a fluorescence detector (Perkin-
Elmer series 200 HPLC System and Perkin Elmer Series 200 Fluorescence Detector for HPLC) for the
measurement of the fluorescent product of glutamate derivatization. The system was set up with an
excitation wavelength of 350 nm (51) and an emission wavelength of 452 nm, reported as optimal
parameters for glutamate determination by Perucho et al., 2015 (52). The mobile phase A was
composed of 0.1 M sodium acetate adjusted to pH 6.9 with acetic acid, 2.5% methanol, and 2.5%
tetrahydrofuran. The mobile phase B was 100% methanol. Mobile phase 1 was isocratically eluted at
1.5 mL/min, thereafter the mobile phase A was connected and allowed to equilibrate for 1 hour before
the start of the runs. For derivatization, a cocktail was prepared containing 27 mg of 2-ophtalaldehyde
(OPA) (Sigma-Aldrich), dissolved in 500 uL of absolute ethanol, 4.5 mL of borate buffer (pH 9.3), and
20 pL of B-mercaptoethanol (Sigma-Aldrich) (53). The samples were mixed 1:1 with the derivatization
cocktail and a 30 pL aliquot of the derivatized sample was injected into the HPLC system. The
glutamate-derivative was retained using a reverse-phase HPLC column C18, 5 um; 50x4.6 mm
(Ascentis® Express). Three minutes post-injection, a gradient was manually initiated by connecting a
bottle with 65% mobile phase A and 35% mobile phase B. After 1 minute, the mobile phase was
switched to 10% A and 90% B, and after another minute, it was changed to 100% A. The run was
completed after 15 minutes, allowing the pressure system to return to the baseline level. The
glutamate concentration in each sample was determined by comparing the peak heights with an
external standard curve. This method allowed for precise quantification of glutamate levels in the NAc,
providing insights into the effects of morphine withdrawal and hMSCs-derived secretome treatment

on glutamatergic balance in this key brain region (52).

Determination of xCT and GLT-1 glutamate transporter levels in nucleus accumbens.
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Finally, we measured the protein levels of glutamate transporters GLT-1 and xCT in the NAc using
Western blot. For this, proteins from NAc were extracted using T-PER lysis buffer (Thermo-Fisher)
supplemented with a protease inhibitor. 25 pg of protein were loaded to each lane. The GLT-1 protein
was identified using a guinea pig anti-GLT-1 primary antibody (Cat AB1783, Millipore, 1:500 dilution)
and an IRDye 800CW donkey anti-guinea pig secondary antibody (Cat 925-32411, LI-COR, 1:10,000
dilution). For xCT detection, a rabbit anti-xCT primary antibody (Cat AB175186, Abcam, 1:500 dilution)
was used in conjunction with an IRDye 800CW donkey anti-rabbit secondary antibody (Cat 926-32213,
LI-COR, 1:10,000 dilution). B-actin, detected using a mouse anti-B-actin primary antibody (Cat sc-47778
Santa Cruz Biotechnology, 1:200 dilution) and an IRDye 800CW goat anti-mouse secondary antibody
(Cat 926—-32210, LI-COR), served as the loading control. The reactive bands were captured with the
Odyssey Imaging System (LI-COR), and the intensities were quantified using Image Studio Lite 5.2

software.

Statistical Analysis.

All statistical evaluations were conducted using GraphPad Prism software (9.2.0 version). Data are
presented as means + SEM. The Shapiro-Wilk test was used to verify the normality of the distribution
for all experimental data. Bartlett's test was employed to confirm the homogeneity of variances
between groups, with a p-value > 0.05 indicating equal variances. Upon satisfying these assumptions
of normality and homogeneity, either one-way or two-way analysis of variance (ANOVA) was utilized,
depending on the experimental conditions. Following the ANOVA, a Tukey post-hoc test was
performed to examine the differences between experimental groups. A p-value < 0.05 was considered
to indicate statistical significance. To facilitate understanding and interpretation, the complete

statistical analyses are provided in the figure legends.
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RESULTS

Effects of secretome administration on somatic signs of morphine dependence and withdrawal score
in the naloxone precipitated withdrawal model.

Previous work demonstrated that the intravenous and intranasal administration of secretome derived
from preconditioned hMSCs significantly reduced oral morphine consumption in an animal model of
voluntary morphine intake (23). Building on this observation, we sought to determine whether the
hMSC-derived secretome could also alleviate the withdrawal stage of opioid abuse. To this end, we
comprehensively evaluated the somatic signs of withdrawal syndrome in morphine-treated Wistar
rats. Towards this aim, animals were implanted with subcutaneous osmotic mini-pumps that delivered
morphine (10 mg/kg/day) for seven days and treated both systemically and intranasally with MSC-
derived secretome or vehicle three days after pump implantation. On day seven, withdrawal syndrome
was induced by the intraperitoneal administration of the p-opioid antagonist naloxone. The
guantification of somatic withdrawal signs showed significant differences between the morphine-
vehicle and morphine-secretome treated groups compared to the no-morphine control group (Figure
1). These signs include weight difference before and after the induction of the withdrawal syndrome
(p<0.0001, One-way ANOVA followed by Tukey’s post-hoc test) (Figure 1A), the area covered by feces
(p<0.0001, One-way ANOVA followed by Tukey’s post-hoc test) (Figure 1B), and jump events (p<0.05,
One-way ANOVA followed by Tukey’s post-hoc test) (Figure 1C). When comparing both groups
administered with morphine, the morphine-secretome group displayed a significant reduction in two
somatic signs: stretching events (p<0.05, One-way ANOVA followed by Tukey’s post-hoc test) (Figure
1E) and chewing events (p<0.05, One-way ANOVA followed by Tukey’s post-hoc test) (Figure 1F)

compared with the morphine-vehicle group.

We also adapted a somatic withdrawal score based on the frequency of withdrawal symptoms
(Supplementary Table 1), as it has been previously reported that a withdrawal score provides a robust

evaluation for the severity of withdrawal signs (41, 42). With this analytical methodology, we observed
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that rats exposed to morphine and treated with the vehicle displayed a significantly elevated somatic
withdrawal score compared to the control rats (p<0.01, One-way ANOVA followed by Tukey’s post-hoc
test) (Figure 2). However, this trend was notably altered following the administration of the hMSC-
derived secretome. Rats that were administered with secretome simultaneously intranasally and
intravenously, exhibited a significant reduction in naloxone-triggered withdrawal score compared to
the group treated with the vehicle (p<0.05, One-way ANOVA followed by Tukey’s post-hoc test) (Figure

2).

Impact of secretome administration on astrocyte and microglial density in the hippocampus.

Considering the pivotal role of the hippocampus in associative memory networks, the encoding and
consolidation of novel environmental information, and its documented contribution to the
development of drug-seeking memory behavior (54, 55), we evaluated neuroinflammation in this brain
region in the morphine antagonist-triggered withdrawal model prior to naloxone administration. This
evaluation holds particular relevance in light of evidence indicating the occurrence of hippocampal
neuroinflammation caused by naloxone administration in a morphine dependence rat model (56). As
expected, rats that received morphine exhibited a significant increase in astrocyte density compared
to control rats (p<0.01, One-way ANOVA followed by Tukey's post-hoc test) (Figure 3A and 3C). A
similar trend was observed for microglial density. However, this increase did not reach statistical
significance (p=0.0828, One-way ANOVA followed by Tukey's post-hoc test) (Figure 3B and 3D). By
contrast, rats that received morphine but were treated with secretome showed a significant reduction
in the increased astrocyte density in the hippocampus (p<0.05, One-way ANOVA followed by Tukey's

post-hoc test) (Figure 3A and 3C), while microglia density tended to decrease (Figure 3B and 3D).

Effects of secretome administration on hippocampal oxidative stress markers.
Given the substantial evidence of the presence of oxidative stress during chronic morphine
consumption (23, 57), and the withdrawal stage (19, 58), we evaluated the presence of hippocampal

oxidative stress in the morphine antagonist-triggered withdrawal model prior to naloxone
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administration. However, the evaluation of oxidative stress markers, including GSSG levels and MDA
levels, did not reveal significant changes during the seven-day morphine exposure in the morphine-
vehicle group compared to the control group (Figure 4A and 4B). Similarly, secretome administration
only trended to reduce hippocampal MDA levels (p=0.0867, One-way ANOVA followed by Tukey's post-
hoc test) compared to animals treated with vehicle (Figure 4B), suggesting that seven days of morphine

exposure is not enough to induce a significant increase in hippocampal oxidative stress.

Impact of secretome administration on astrocyte and microglial density in the nucleus accumbens.

We subsequently centered our focus on the nucleus accumbens inflammatory state. In this brain area,
animals that received morphine showed a significant increase in astrocyte (Figure 5A and 5C) and
microglial density (Figure 5B and 5D) compared to that in control rats (p<0.01, One-way ANOVA
followed by Tukey's post-hoc test). Importantly, rats that received morphine and were treated with
secretome showed a significant reduction in the increased astrocyte (Figure 5A and 5C) and microglial

density (Figure 5B and 5D) (p<0.05, One-way ANOVA followed by Tukey's post-hoc test).

Effects of secretome administration on the modulation of nucleus accumbens glutamate levels and
the expression of glutamate transporters GLT-1 and xCT.

Following the observation that secretome treatment promoted a reduction in NAc neuroinflammatory
markers, we examined the effects of secretome administration on extracellular glutamate levels in this
brain region. A one-way ANOVA revealed a significant reduction versus no-morphine controls in both
the basal glutamate levels (Figure 6A) and in the no-net-flux glutamate levels (Figure 6B) in the NAc
for both the morphine-vehicle and morphine-secretome treated animals (p<0.0001, One-way ANOVA
followed by Tukey's post-hoc test) compared to the control group, suggesting a reduced spillover of
extracellular glutamate. No significant difference was observed among glutamate levels measured in
morphine exposed groups treated with secretome or vehicle (p<0.05, One-way ANOVA followed by

Tukey's post-hoc test) (Figure 6A and 6B). However, a significant increase in the slope of the no-net-
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flux curve was observed in the morphine-secretome group compared to the control groups (Figure
6C), which could indicate a modified glutamate transport dynamic.

The role of glial glutamate transporters in controlling glutamate uptake has been previously associated
with the emergence of morphine dependence (28, 59, 60). However, we did not observe any significant
changes either in the levels of the glutamate transporters GLT-1 (Figure 7A and 7B) or the xCT system

(Figure 7C and 7D) in NAc homogenates among all experimental groups.

Effects of secretome administration on somatic signs of morphine dependence and withdrawal score
following deprivation after chronic oral voluntary morphine consumption.

Finally, we examined the effects of the intravenous and intranasal administration of secretome on the
somatic signs of spontaneous withdrawal syndrome in an animal model of chronic voluntary oral
morphine consumption, 48 hours after morphine deprivation. This time point was selected based on
clinical reports suggesting that the peak of withdrawal symptoms typically occurs between 36 to 72
hours following the last opioid administration (31). Furthermore, another study in rats detected
morphine levels below the quantitative limits but above background noise 48 hours after
subcutaneous morphine administration (61). At this time point, it is expected that the concentration
of the opioid has diminished to less than 6.25% of the initial dose (62). For this, we used a recently
reported animal model of opioid dependence in which young Wistar rats were initially acclimated to a
bitter taste by exposing them to a bitter quinine solution as their only fluid source for seven days (38).
After this period, rats were given a free choice between quinine (15 mg/ml) or morphine (15 mg/ml)
solutions (two-bottle choice) for two weeks. During this time, rats exhibited a high morphine
consumption rate of 20.2 + 2.1 mg/kg/day. Finally, rats were offered a choice between a morphine
solution (15 mg/ml) and water for one additional week. This led to a voluntary morphine intake of 16.8
+ 2.2 mg/kg/day (Supplementary Figure 3A), with a preference for the morphine solution over water
exceeding 90% (Supplementary Figure 3B). After three weeks of voluntary morphine intake, animals
were both deprived of morphine and treated with an intravenous and intranasal administration of

secretome or vehicle. Forty-eight hours later, the withdrawal signs were evaluated for 30 minutes. We
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observed that upon withdrawal, morphine-exposed rats treated with the vehicle showed a significant
increase in different somatic signs compared to only water exposed animals, including weight
difference (p< 0.05, One-way ANOVA followed by Tukey’s post-hoc test) (Figure 8A), the area covered
by feces (p< 0.001, One-way ANOVA followed by Tukey’s post-hoc test) (Figure 8B), the number of
ventral/dorsal flexions (p< 0.05, One-way ANOVA followed by Tukey’s post-hoc test) (Figure 8D), the
number of wet dog shakes (p< 0.001, One-way ANOVA followed by Tukey’s post-hoc test) (Figure 8G),
and the number of forepaw tremors (p< 0.05, One-way ANOVA followed by Tukey’s post-hoc test)
(Figure 8H). Contrasting the above, secretome-treated animals showed a significant reduction in many
of the morphine-induced withdrawal signs, including weight difference (p< 0.05, One-way ANOVA
followed by Tukey’s post-hoc test) (Figure 8A), the area covered by feces (p< 0.001, One-way ANOVA
followed by Tukey’s post-hoc test) (Figure 8B) and the number of wet dog shakes (p< 0.05, One-way
ANOVA followed by Tukey’s post-hoc test) (Figure 8G) compared to vehicle treated animals.
Importantly, the combined withdrawal score of morphine-secretome treated animals was markedly
lower than that for morphine-vehicle treated animals (p< 0.05, One-way ANOVA followed by Tukey’s
post-hoc test) (Figure 9).

The combined above findings underscore the potential therapeutic role of the secretome in reducing

symptoms of morphine withdrawal.
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DISCUSSION

The present study examines the effects of simultaneous systemic and intranasal administration of
secretome derived from preconditioned human mesenchymal stem cells on morphine-induced
withdrawal syndrome in rats. The findings encompass behavioral, cellular, and molecular aspects that
have been previously described to be altered by chronic morphine administration (38). In both animal
models tested, we observed that somatic withdrawal signs were heterogeneously distributed,
indicating that some animals exhibit a significant increase in some of the analyzed parameters, while
others show fewer alterations on these parameters. This pattern was noted across all three studied
groups: control, morphine-vehicle, and morphine-secretome. This variability in behavior has been
previously reported, and is a primary reason for the literature to present a wide range of withdrawal
parameters to be scored (7, 63). Consequently, we consolidated these behavioral alterations into a
somatic withdrawal score, which was validated based on previous studies (41, 42) and adapted
considering the intensity and frequency of each parameter observed in our study. In both animal

models, secretome administration markedly reduced the withdrawal score.

Previous reports have established that the administration of secretome derived from hMSCs can
reduce chronic consumption and relapse of substances of abuse, including alcohol (34, 36), nicotine
(36), and morphine (23). Our study pioneers in demonstrating that this biodrug can also alleviate the
morphine withdrawal syndrome in two animal models of morphine dependence. This is a major
finding, considering that the withdrawal syndrome often triggers the relapse into opioid consumption,
as needed to avoid the somatic signs induced by opioid deprivation (31, 63, 64), thus impeding

morphine discontinuation (65-67).

Noteworthy, we observed this positive outcome following the simultaneous intravenous and
intranasal administration of the hMSC-derived secretome. In our previous studies on alcohol and
nicotine addiction, we found that the intranasal administration of the hMSC-derived secretome

effectively reduced substance abuse (36). However, when evaluating the therapeutic effect of
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secretome on opioid dependence, we incorporated an additional administration route, following
findings from other studies (23, 68). One of these studies showed that the intravenous administration
of MSCs significantly reduced morphine-induced inflammation in the spinal cord, a peripheral
alteration associated with opioid tolerance (68). Moreover, a preclinical rat model of morphine
exposure during six days showed an increase in plasma IL-1B and IL-6 levels, but intriguingly, the same
cytokines did not increase at brain level (69). There are studies that have highlighted persistent
systemic inflammation in drug users even after complete abstinence (18). This inflammation has been
characterized by strong inflammatory responses during the early stage of abstinence, which then
gradually alleviate along with the withdrawal time. However, even after 12 months of abstinence,
immune dysfunction still exists and may persist for longer times in heroin and methamphetamine users
(18). Therefore, in this report, we opted for a simultaneous intranasal and intravenous administration
of the hMSC-derived secretome. The strategy with a dual-route administration aims to
comprehensively address these complex central and peripheral changes induced by morphine
dependence, providing a more effective treatment strategy. However, it's important to note that while
our dual-route administration strategy is based on previous research, direct evidence demonstrating

its superior efficacy compared to a single-route administration is still needed.

In the animal model of continuous morphine administration, secretome administration effectively
mitigated the neuroinflammation that developed before the naloxone-triggered withdrawal stage.
This was evidenced by the full reversal of the morphine-induced increase in astrocyte density within
the hippocampus and astrocyte and microglial density in nucleus accumbens, regions crucially
associated with memory consolidation (70) and brain reward circuitry (71). The observed impact of
secretome administration on astrocyte and microglial density in morphine-dependent rats
underscores a potential mechanism through which the secretome may exerts its therapeutic effects.
The increase in astrocyte and microglial density following morphine administration aligns with findings
indicating that opioids can activate different pro-inflammatory pathways (22, 69, 72). This activation

could potentially occur via direct downstream signaling of the p-opioid receptor (73), as well as via the
&L
IJ
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activation of the TLR-4 signaling pathway, binding to the adaptor molecule MD-2, within the central
nervous system (22, 74). Recent studies have described the role of morphine to induce peripheral
inflammation, specifically by inducing dysbiosis and amplifying bacterial translocation from the
intestine to the liver and mesenteric lymph nodes (75-77). This cascade of events potentially triggers
a systemic pro-inflammatory state (78, 79), thereby underscoring a new mechanism of action in opioid
dependence that merits further exploration. These findings highlight the complex interplay among
opioid addiction, secretome treatment and neuroinflammation, providing information for future

studies to evaluate these mechanisms.

While there is compelling evidence suggesting that like many other drugs of abuse (24), morphine can
induce an increase in oxidative stress (57) in cultures of hippocampal neurons (80) and in hippocampal
tissue from rats exposed to morphine (81), we did not observe a corresponding increase in oxidative
stress biomarkers in the hippocampal tissue, evaluated both by determination of GSSG and MDA levels
after the seven-day morphine exposure in animal model 1. The reasons for these differences are not
clear but may be associated with several factors. Recent evidence suggests that the effects of
morphine on oxidative stress may be dose- and time-dependent (82-84). This is aligned with previous
findings in an animal model of voluntary morphine intake, in which four weeks of morphine
consumption induced a three-fold increase in GSSG/GSH ratio and MDA levels in the hippocampus
compared with rats drinking only water (23), increases that were fully normalized by hMSC-derived
secretome administration (23). Another possible explanation for the absence of increased oxidative
stress in our animal model could be attributed to sex differences observed in response to opioid
exposure (85-87). A significant proportion of the reports showing an increase in brain oxidative stress
are based on studies conducted in male rats (58, 88-92), unlike the present studies in female rats,

suggesting that sex of the animal might also be an important variable (93).

Neuroinflammation and oxidative stress self-potentiate each other (94), and both processes have been

associated with a reduction of the levels and activity of the key glutamate transporters GLT-1 and
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system X, (24-27), resulting in the imbalance of glutamatergic neurotransmission and to the
potentiation of withdrawal symptoms and drug relapse (29). Intriguingly, while the continuous
morphine administration reduced the levels of extracellular glutamate in the NAc (glutamate spillover),
the administration of secretome did not change the effect of continuous morphine treatment on
glutamate extracellular level in this brain region. We did observe a significant increase in the slope of
the no-net-flux glutamate determination induced by the secretome treatment, suggesting a potential
effect on glutamate elimination dynamics, however, it did not significantly affect the expression of the
glutamate transporters GLT-1 or system X.. A lack of changes in glutamatergic transporters was not
expected, but can be explained as reports show that the alteration of the transporters levels depends
on the specific opioid treatment scheme. For example, heroin self-administration and withdrawal
reduces the levels and activity of GLT-1 and system X. and promotes an increase of glutamate spillover
to the extracellular space in the NAc, opposite to the reduced spillover observed in the present study,
an effect that also contributed to opioid dependence as the normalization of glutamate transporters
levels reduced heroin reinstatement (29). On the other hand, GLT-1 mRNA levels were reduced in the
striatum of rats after 5 days of continuous morphine exposure via a subcutaneous pellet compared to
placebo controls but were increased 2 hours after naloxone-induced withdrawal (95). Another study
showed that hippocampal glutamate uptake was increased after 10 days of bidaily 10 mg/kg morphine
administration, then initially reduced after 2 hours of naloxone-induced withdrawal, increased again
after 12 hours, and finally returned to baseline levels after 48 hours (59). These results show that the
requirement of the normalization of glutamatergic neurotransmission to reduce the withdrawal
syndrome intensity is not completely understood. Likewise, in our previous report of the treatment
with intranasal and intravenous hMSC secretome that significantly reduced morphine oral self-
administration, it did not alter GLT-1 or xCT mRNA levels in the prefrontal cortex or nucleus accumbens
compared to vehicle treatment, despite significant normalization of neuroinflammation and brain

oxidative stress levels (23). Similarly, the lack of normalization of extracellular glutamate levels in the
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present model suggests that the hMSC secretome treatment reduces the opioid withdrawal syndrome

through other mechanisms.

Finally, the observation that secretome administration also alleviates spontaneous withdrawal
symptoms and reduces withdrawal scores following chronic voluntary oral morphine intake further
strengthens the potential of the secretome as a therapeutic strategy for managing opioid withdrawal
symptoms. The implications of this finding for the role of hMSC-derived secretome in the treatment of

morphine dependence and withdrawal warrant further exploration.

CONCLUSION

Overall, findings indicate the generation of therapeutic benefit by the simultaneous intravenous and
intranasal administration of secretome derived from preconditioned hMSC for mitigating morphine-
induced withdrawal syndrome in two relevant animal models of morphine dependence. These effects
were associated with a reduction of morphine-induced neuroinflammation in the hippocampus and
nucleus accumbens. While our study provides significant insights, further investigation is necessary to
fully elucidate the mechanisms underlying the observed effects and to evaluate the therapeutic

feasibility of secretome administration in other models of opiate abuse disorders.
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Figure 1: Effects of secretome administration on somatic signs of morphine dependence and
withdrawal score in the naloxone-precipitated withdrawal model. Eight-week-old female Wistar rats
were implanted subcutaneously with osmotic pumps delivering morphine at a concentration of 10
mg/kg/day for seven days. On day three, animals received an intranasal and intravenous
administration of MSC-derived secretome (25 pg proteins derived from 1x108 preconditioned hMSCs)
or saline. Withdrawal syndrome was induced on day seven by the intraperitoneal administration of
naloxone (5 mg/kg), after which behavior was recorded for 30 minutes to gauge the severity of signs.
The following signs were evaluated: (A) weight differences, (B) area covered by feces, (C) jumps, (D)
ventral/dorsal flexes, (E) stretching, (F) chewing, (G) wet dog shakes, (H) forepaw tremors events, and
(1) post-session handling vocalization prevalence. Control animals received saline solution from a
continuous infusion pump; n=8 per experimental condition. Data are presented as Min to Max.

*p<0.05; ****p<0.0001; Tukey's multiple comparison test for normally distributed data and Kruskal-

Wallis test for non-parametric data.
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919 Figure 2: Effects of secretome administration on the combined withdrawal score in the naloxone
920  precipitated withdrawal model. The somatic withdrawal is depicted using a scoring system based on
921 previous studies (41, 42). Secretome treated rats showed a significant reduction in the somatic
922  withdrawal score compared to morphine-vehicle treated animals. Animals not exposed to morphine
923 were considered controls. Data are presented as Min to Max; n = 8 for each experimental condition.
924 *p<0.05; **p<0.01; Tukey's multiple comparison tests for normal distribution.
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Figure 3: Effect of secretome administration on hippocampal astrocyte and microglial density. (A and
B) Representative confocal microphotographs of GFAP immunoreactivity (depicted in green, top panel)
of hippocampal astrocytes and Iba-1 immunoreactivity (shown in red, indicated by white arrows,
bottom panel) of hippocampal microglial cells. The nuclei were counterstained with DAPI (blue, nuclear
marker); scale bar: 30 um. (C) Quantification of astrocyte density. (D) Quantification of microglial
density. Rats implanted with a morphine pump and treated with vehicle exhibited a significant increase
in astrocyte density, but not in microglial density, compared to control rats. A single, simultaneous
intranasal and intravenous administration of secretome three days after morphine-pump implantation
(morphine-secretome) significantly reduced astrocyte density compared to that in morphine-vehicle
treated rats. Data are presented as mean + SEM. n =6 for each experimental condition. *p<0.05,

**p<0.01 One-way ANOVA followed by Tukey's post-hoc test.
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951 Figure 4: Evaluation of morphine administration and secretome administration on oxidative stress
952  markers in the hippocampus. (A) GSSG/protein ratio in the hippocampus. (B) Malondialdehyde (MDA)
953 levels in the hippocampus. Rats infused with morphine for seven days and treated with vehicle did not
954 show a significant increase in GSSG/protein ratio or MDA levels compared to no-morphine control rats.
955 A single, simultaneous intranasal and intravenous administration of secretome did not alter
956  GSSG/protein ratio or MDA levels. Data are presented as mean = SEM; n=6 to 8 for each experimental
957  condition. One-way ANOVA followed by Tukey's post-hoc test.
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Figure 5: Effect of secretome administration on the morphine-induced increases in astrocyte and
microglial density in nucleus accumbens. (A and B) Representative confocal microphotographs of
GFAP immunoreactivity (depicted in green, top panel) of hippocampal astrocytes and Iba-1
immunoreactivity (shown in red, indicated by white arrows, bottom panel) of hippocampal microglial
cells. The nuclei were counterstained with DAPI (blue, nuclear marker); scale bar: 30 um. (C)
Quantification of astrocyte density. (D) Quantification of microglial density. Rats implanted with a
morphine pump and treated with a vehicle exhibited a significant increase in astrocyte density and in
microglial density, compared to control rats. A single, simultaneous intranasal and intravenous
administration of secretome three days after morphine-pump implantation significantly reduced
astrocyte and microglial density compared to vehicle treated rats. Data are presented as mean + SEM.
n = 6 for each experimental condition. *p<0.05, **p<0.01 One-way ANOVA followed by Tukey's post-

hoc test.
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Figure 6: Evaluation of secretome administration effects on glutamate levels in nucleus accumbens.
Eight-week-old female Wistar rats were implanted subcutaneously with osmotic pumps delivering
morphine at a concentration 10 mg/kg/day. In the same procedure rats underwent microdialysis probe
implantation in the NAc. Control animals received saline-loaded pumps (n=4), while morphine-saline
(n=6) and morphine-secretome (n=7) groups received morphine-loaded pumps (10 mg/kg/day). Three
days post pump implantation, secretome or vehicle was administrated and seven days post pump
implantation, no-net-flux microdialysis was used to determine NAc glutamate levels. Following a 1-
hour stabilization period, samples were collected every 20 minutes for basal glutamate levels. Then,
increasing concentrations of glutamate (0.5 uM, 5 uM, 10 uM) were perfused. (A) Quantification of
basal glutamate concentrations average. (B) No-net-flux glutamate concentration. (C) No-net-flux
plots (glutamate concentration set to enter the probe (GLU;,) — glutamate concentration output
(GLUow) Vv/s GLU;,) and quantification of the slopes obtained from no-net-flow curves. Both
experimental groups exposed to morphine significantly reduced the extracellular glutamate
concentration, compared to the control group. Data are presented as mean * SEM. *p<0.05,

***%*p<0.0001, One-way ANOVA followed by Tukey's post-hoc test.
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Figure 7: Evaluation of secretome effects on GLT-1 and xCT glutamate transporter levels in nucleus

accumbens. (A) Representative images of Western Blot for the glutamate transporter GLT-1 in NAc.

(B) Quantification of GLT-1 to B-actin levels in NAc. (C) Representative images of Western Blot for the

glutamate transporter xCT in NAc. (D) Quantification of xCT to B-actin levels in NAc. No significant

differences were observed in the expression of GLT-1 and the xCT- system within the NAc across the

three experimental groups (rats infused with morphine for seven days and treated with vehicle, rats

infused with morphine for seven days and treated with secretome and no-morphine control rats). Data

are presented as mean = SEM, n=6 for each experimental group. One-way ANOVA followed by Tukey's

post-hoc test.
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Figure 8: Effects of secretome administration on somatic signs of morphine dependence after
morphine deprivation in an animal model of oral voluntary morphine consumption. Eight week-old
female Wistar rats voluntarily consumed morphine (~17mg/kg/day) for three weeks. At such time the
animals received a simultaneous intranasal and intravenous administration of MSC-derived secretome
(containing 25 pg proteins derived from 1x10% hMSCs) or saline. On the same day, spontaneous
withdrawal syndrome was induced by removing the morphine bottle. Somatic signs of withdrawal
syndrome were evaluated 48 hours post-morphine removal during a 30-minute observation period.
The assessed symptoms included (A) weight differences, (B) area covered by feces, (C) jumps, (D)
ventral/dorsal flexes, (E) stretching, (F) chewing, (G) wet dog shakes, (H) forepaw tremors events, and
(1) post-session handling vocalization prevalence. Control group animals had access only to water. Data

are presented as min to max (n=6-7 per experimental group). *p<0.05; **p<0.01; Tukey's multiple

comparison tests for normal distribution and non-parametric data evaluated using the Kruskal-Wallis

test.
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Figure 9: Effects of secretome administration on the combined withdrawal score after morphine
deprivation in an animal model of oral voluntary morphine consumption. The somatic withdrawal is
depicted using a scoring system based on previous studies (41, 42). Secretome treated rats showed a
significant reduction in the somatic withdrawal score compared to vehicle-treated animals. Control

group animals had access only to water. Data are presented as min to max n=6 in morphine and n=7

in the control groups. *p<0.05; **p<0.01; Tukey's multiple comparison test for normal distribution.
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SUPPLEMENTARY FIGURE 1

A) Animal model 1: Subcutaneous morphine administration and
withdrawal syndrome precipitation by naloxone administration

Secretome or vehicle Naloxone
(intranasal and i.v.) (5 mg/Kg i.p.)

Handling ‘ J.
I—PI—I

Day 1 Continuous administration of morphine 7
Mini-pump (10 mg/kg/day, via mini-pump)  withdrawal
implantation behaviour
(s.c.) observation

B) Animal model 2: Oral voluntary morphine consumption and
withdrawal syndrome precipitation by morphine abstinence

Secretome or vehicle
(intranasal and i.v.)

Quinine access

(only liquid | Morphine withdrawal |
available,
150 mg/L) ‘
Day 1 8 22 29 37
2-bottle choice access 2-bottle choice access Withd’?wal
quinine/morphine water/morphine behaviour
(150 mg/mL) (150 mg/mL) observation

Supplementary Figure 1: Experimental Design. (A) Animal model 1 Subcutaneous morphine
administration and withdrawal syndrome precipitation by naloxone administration. Female Wistar rats
were implanted subcutaneously with osmotic mini-pumps releasing morphine at a dose of 10
mg/kg/day or saline. Three days post pump implantation, the morphine treated animals were
randomly divided into two groups. One group received simultaneously an intranasal (25ug proteins)
and intravenous (25ug proteins) dose of secretome derived from 1x10° preconditioned human MSCs,
while the other group received the vehicle. Animals in the saline control group received the intranasal
and intravenous administration of the vehicle. After seven days of continuous morphine exposure, rats
were intraperitoneally injected with 5 mg/kg of the p-opioid receptor antagonist naloxone to induce
withdrawal. (B) Animal model 2. Oral voluntary morphine consumption and spontaneous withdrawal

syndrome precipitation by morphine abstinence. Following an initial seven-day exposure to 0.15
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mg/mL quinine hydrochloride as the only fluidic source, the animals transitioned to a two-week
regimen where they were given a choice between two bottles, one contained quinine hydrochloride
(0.15 mg/mL) and the other morphine sulfate (0.15 mg/mL). After this two-week period, the quinine
bottle was removed, leaving the animals with a choice between tap water and morphine sulfate (0.15
mg/mL) for one additional week. A control group that had access only to water was also used.
Withdrawal syndrome was spontaneously induced by discontinuation of morphine access after three
weeks of morphine intake. On the same day, rats were administered simultaneously with an intranasal
and intravenous dose of either secretome or saline. Somatic signs of morphine withdrawal were

recorded for 30 minutes 48 hours later.
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1087 SUPPLEMENTARY FIGURE 2

1088 Brégma 1.08 mm

1089  Supplementary Figure 2: Diagram of coronal sections indicating the placement of microdialysis
1090 probes. Illustrative scheme of the coronal sections showcasing the positioning of the microdialysis
1091 probes. All probe placements coincided with the areas marked by color-coded lines.
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1106 SUPPLEMENTARY FIGURE 3
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1108 Supplementary Figure 3: Voluntary morphine intake by Wistar rats. One week after starting quinine
1109 intake, animals were exposed to 0.15 mg/mL quinine and 0.15 mg/mL morphine for two weeks using
1110  thetwo-bottle choice paradigm. Thereafter, animals were exposed to 0.15 mg/mL morphine and water
1111 (two-bottle choice) for one additional week. (A) Voluntary morphine intake is expressed as mg
1112 morphine consumed per kg of body weight per day. (B) Morphine preference (%). Data are expressed

1113  asmean £+ SEM. n=6. A control group (n=7) was given access to a bottle of water.
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1125 SUPPLEMENTARY TABLE 1

Withdrawal Score
Behavior Numbers of events Score
1.- Stretching 0 0
1-24 1
25-49 2
50-79 &
80 or more 4
2.- Jumps 0 0
1-4 1
5-9 2
10-19 3
20-39 4
40 or more 5
3.- Wet dog shakes Ifn>2 2
4.- Ventral/dorsal flexes Each n=2 1
2
0
1
2
3
0
1
2
3
4
3
3

5.- Forepaw tremors events Ifn>2

6.- Chewing 0

1-4

5-9

10 or more

7.- Borrowings 0

1-4

529

10-19

20 or more

8.- Irritability Scream when holding
9.- Percentage of the area covered by faeces | If % of area > 10

10.- Weight difference — ot included in the withdrawal score

=2

1126

1127  Supplementary Table 1: Somatic withdrawal score assessment. The scoring system is graduated for
1128  the frequency of each parameter observed during a 30-minute evaluation period in a 5-litre beaker.

1129  This scoring system was adapted from previous studies (41, 42).
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4. Chapter 4

Discussion

As the opioid addiction crisis continues to deepen, the need for robust, effective, and
enduring therapeutic interventions has become critically important. This urgent context
served as the driving force behind my doctoral research, which focused on investigating the
therapeutic potential of human mesenchymal stem cell (hMSC) secretome in mitigating the
effects of morphine addiction—one of the most common forms of opioid dependence. The
results from two papers generated from this research substantiate the initial hypothesis that
hMSC-secretome possesses substantial therapeutic potential in treating morphine addiction
and withdrawal syndrome.

In the third paper (considering the publication of the oral morphine model as the first paper),
two distinct models were utilized. The first of these mimicked the chronic nature of morphine
exposure, an experience common to many human addicts. In this model, a pump was
subcutaneously implanted into Wistar rats to administer morphine continuously. The
experiment led to a key discovery: the rats treated with hMSC-secretome exhibited a
significant reduction in withdrawal symptoms triggered by the opioid antagonist, naloxone.
This pivotal finding not only supported our hypothesis, but also underscored the therapeutic
role of hMSC-secretome in addiction therapy.

The second animal model was first introduced in the first paper and was further evaluated in
the second paper. This model was designed to simulate voluntary oral morphine
consumption. Upon administering hMSC-secretome, animals displayed a significant
reduction in chronic morphine intake. Importantly, when morphine was reintroduced after a
period of forced abstinence, the group treated with the secretome demonstrated a significant
decrease in relapse consumption. Indeed, the combined intranasal and intravenous
administration of hMSC-secretome was able to reduce chronic self-administration of
morphine by 80% to 85%, and after a second dose during a deprivation stage, it further
reduced morphine intake during relapse.

Our research findings integrate well within the broader landscape of stem cell research and
its potential therapeutic applications in various medical conditions, including addiction. A
key facet of our findings was the notable neuroprotective effect of hMSC-secretome,
indicated by reduced oxidative stress levels in the hippocampus and nucleus accumbens
(third paper). This result signals an important advancement in our understanding of the
neurophysiological benefits of hMSC-secretome and augments the scientific discourse
around non-cellular therapeutic agents in addiction treatment.

Despite our work focusing on morphine addiction, its implications extend to other substance
abuse types. Considering the parallels in neurophysiological processes underlying different
substance addictions, the hMSC-secretome presents a plausible therapeutic agent for a range
of substance dependence. My doctoral research thus holds the potential for offering
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transformative therapeutic options, which could help alleviate the substantial societal and
personal burdens associated with opioid addiction.

In summary, our findings validate our initial hypothesis about the therapeutic benefits of
hMSC-secretome in opioid addiction, offering a new platform for future exploration. As the
journey in addiction science continues, the results from this research raises pertinent
questions for future investigations: what are the molecular mechanisms underlying the
impact of hMSC-secretome on addiction behavior? Can it be applied to other forms of
substance abuse (beyond the already studied)?

The research presented in the third paper introduced additional findings of interest. For
instance, continuous morphine administration resulted in reduced extracellular glutamate
levels in the nucleus accumbens, an effect not altered by the secretome. However, a
significant increase in the slope of no-net-flux glutamate determination induced by secretome
treatment suggests potential effects on glutamate elimination dynamics. The lack of changes
in the levels of glutamate transporters was unexpected, but these alterations could depend on
specific opioid treatment schemes.

Moreover, our studies noted an increase in brain oxidative stress associated with chronic
morphine intake, an event linked with morphine consumption relapse. Remarkably, the
combined intranasal and intravenous administration of hMSC-secretome significantly
reduced both chronic self-administration and relapse to voluntary morphine consumption.
These effects were correlated with a reduction in hippocampal oxidative stress.

The compelling findings from this doctoral work underline that hMSC-secretome
administration can significantly mitigate morphine withdrawal syndrome, reduce chronic
morphine intake and relapse, normalize oxidative stress associated with relapse and chronic
consumption, and reduce neuroinflammation during chronic consumption, withdrawal
syndrome, and relapse. These outcomes offer immense translational value, particularly
considering the alarming rise in opioid consumption and overdose deaths during the COVID-
19 pandemic.

Our research journey, while far from complete, has already illuminated critical facets of
opioid addiction and potential treatments. Future work should extend this investigation to
other relapse evaluation models and further analyze the role of neuroinflammation and
oxidative stress. We also need to address whether intravenous administration could prevent
withdrawal syndrome induced by potent opioids like fentanyl. These critical questions will
undoubtedly shape the direction of future research, bolstering our quest to tackle the global
crisis of addiction
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