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SUMMARY

The current opioid epidemic is a pressing public health concern that has been difficult to address because there is no generally accepted hypothesis to explain
the underlying neurophysiological mechanism(s) that lead to tolerance and withdrawal, which in turn could serve as the basis for developing therapeutic
interventions. As a step to developing such a unifying mechanistic hypothesis we studied both the electrophysiological firing patterns of individual neurons
and behaviors indicative of tolerance and withdrawal in rats following chronic administration of morphine. Neuronal activity recordings from the ventral
tegmental area (VTA), nucleus accumbens (NAc), prefrontal cortex (PFC), thalamus, hypothalamus, hippocampus (HIPP), Amygdala (AMYG) and
caudate nucleus (CN) following exposure of repetitive (chronic) morphine produced a new baseline pattern of neuronal firing rates, which we refer to as
an “opioid-induced pattern” in the mesocorticolimbic neuronal activity circuit, which is thought to be involved in mediating the “reward” effects of opioid
and other drugs of abuse. These changes in neuronal firing rate was paralleled by behavioral changes indicative of the development of dependence such
as tolerance and withdrawal suggesting a possible cause-effect relationship between the opioid induced pattern change of baseline neuronal firing and the
development of opioid tolerance and withdrawal. Briefly, (i) morphine produces a new baseline pattern of neuronal firing (i.e., an “opioid-induced pattern”),
(ii) there is an intrinsic neurophysiological mechanism that seeks to maintain newly established patterns of baseline neuronal firing once established, (iii)
continued morphine administration maintains the new pattern of baseline neuronal activity so that withdrawal behaviors do not occur, but (iv) eventual
discontinuation of the drug leads to opioid withdrawal symptoms. Consistent with this proposed hypothesis, co-administration of the immunomodulator
such as interferon, cyclosporin and cortisol attenuated both the development of an altered baseline pattern of neuronal firing and the parallel behavioral
changes. This observation suggests that immunomodifiers treatment to morphine dependence subject restore the neuronal firing rate to its pre-morphine
baseline and thus alleviate the withdrawal symptoms that make is so difficult for addicts to discontinue opioid use. The studies in this review describe
in more detail the findings that led to our proposed hypothesis for the underlying neurophysiological basis of the development of opioid tolerance and
withdrawal and the possible use of immunomodulators to decrease the development of dependence and thereby attenuate withdrawal symptoms that make
it so difficult for addicts to discontinue drug use.

Repetitive use of opioids results in dependence on the drug, a complex condition that is considered to be an opiate use disorder (OUD). The reduction or
cessation of opioid consumption leads to severe withdrawal behaviors. The degree of opiate dependence can be assessed by the intensity of the withdrawal
behavior. To prevent this devastating opiate withdrawal syndrome, the subject will continue to take the drug. Success in modifying the withdrawal behavior
may shed light on the dynamics of OUD and help to curb the opiate epidemic. Classical therapeutic addiction research has focused on cellular and
molecular alterations within neurons and their neuronal circuits. As such, most of the pharmacotherapies for opioid addiction are designed to target the
neuronal processes known to be affected by drug intake. In addition to the pivotal role of neurons in the initiation, transition, and maintenance of opioid
dependence, the glial cells within the central nervous system are also of particular importance. According to some studies, 60 to 80% of the cellular brain
is composed of glial cells. Recent studies have shown that glial cells participate in synaptogenesis, neuronal excitability, and neurotransmission. Following
opioid exposure, glial cells demonstrate robust changes in their morphology and physiology in key central nervous system regions known to contribute
to drug dependence. They play a pivotal role in opioid-addiction like behaviors. Glial cells are also part of the immune system. This review summarizes
studies demonstrating that the immune system participates in the expression of opiate withdrawal and that a single dose of immunological substances such
as a-interferon, cyclosporine, or cortisol significantly attenuates the severity of the naloxone-induced withdrawal symptoms in opioid-dependent animals.
These preclinical studies provide a new approach to treat opiate dependence using immunomodulators that do not belong to the opiate family. We hope
that this review will encourage translational studies to use immunomodulators in combating the opioid epidemic and save lives.
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Introduction

Everyday more than 115 people in the United States die as a result
of opioid overdose [1]. In 2017, there were more than 47,000
American deaths from opioid overdose (National Institute on Drug
Abuse, 2019). This is more deaths than from car crashes or guns
(39,000/year each) and more than AIDS (42,000/year) during the
height of its epidemic. In addition to the misuses and abuses of
prescription opioids, a dynamic illicit drug marked is causing an
increase in the number of deaths due to overdose [2-4].

Although opioids have been used for pain relief since the early
1800s (Courtwright, 2009), the opioid epidemic currently afflicting
the US is thought to have occurred in three waves [5]. The first
started around 1991 following an increase in the use of opioid
medication for the treatment of pain in non-cancer patients. The
second wave began around 2010 mainly as a result of widespread
heroin abuse. The third wave began around 2013 due to the use
of synthetic opioids such as fentanyl [6]. Opioid addiction is
a chronic brain disease. Various methods have been used and
continue to be developed in an effort to limit abuse of opioid
medications [7]. Most therapies for addiction involve long
periods of time in treatment with medications such as: Vivitol,
Zubsolve, Probuphrine. Lofexidine Hydrochloride, Methadone,
Buprenorphine, Sublocade, CAM 2038, Naltrexone, Buprenex,
Modafinil, Mirtazapine, Vigabatrin, Baclofen, and Topiramate
[7-13]. Many of these drugs are still under study to be verified
as safe and beneficial. In addition, use of the above drugs should
be combined with counseling and behavioral therapies [14].
Additionally, the effectiveness of current opioid treatments may
be limited by risk of combination with other medications, potential
for misuse and abuse, and/or induction difficulty. Moreover, many
of the above drugs belong to the opioid family, in effect, combating
the opioid addiction by giving patients opioids in a controlled
fashion over extended periods of time [7, 14-17]. Further, for many
patients there are issues with compliance related to these long-
term treatment periods. A new therapeutic approach is desperately
needed. This review summarizes pre-clinical research on the
beneficial impact of immunomodulatory agents on the treatment
of opioid addiction in the hopes of encouraging further research
and clinical trials using immunomodulatory substance therapy.
The use of immunomodulatory substances may allow for shorter
treatment times with substances that do not belong to the opiate
family. It is time for a novel therapy to be tested if we are to
develop breakthrough therapies in the future.

Morphine

Opioids are a medically necessary substance used for pain
management and anesthesia [18]. About one-third of adults
living in the US experience severe pain and receive prescription
pain medication [19]. Morphine’s are a naturally occurring pain
medication of the opiate family found in a number of plants [20].
Morphine is the prototypical opioid and is the standard by which
other opioids are compared [21]. The primary source of morphine
is isolated from the poppy seeds of the opium poppy. Opioids
are classified as narcotics and are considered to be a controlled
substance for their abuse potential and addictive properties.
Morphine is legally prescribed to patients in order to treat both
acute and chronic severe pain [18, 22]. Morphine and other opioids
act on the central nervous system to produce feelings of euphoria.
They also act on the GI tract to decrease diarrhea and provide
bowel relief and can also be used as a sedative [23].

Opioid Addiction
While opioids are a legitimate medication used for treating pain,
they should only be used and prescribed to select patients for a

short amount of time as determined by a healthcare professional.
Repetitive use of opioids may result in the development of
tolerance and dependence on the drug. Once this occurs, more
and more of the drug is needed to produce the same feelings of
analgesia and euphoria, eventually leading to opioid addiction
[24]. This is particularly dangerous as opioid overdose leads to
loss of consciousness combined with respiratory depression, which
may lead to death [25].

Opioid addiction is a condition classified as a substance use
disorder (SUD) and is characterized by a powerful, compulsive
urge to use the drugs when they are no longer needed medically.
This leads to complex social misbehaviors and unwanted
physiological consequences [26]. Further, opioid addiction is
accompanied by a well-described physical dependence and a
severe withdrawal syndrome characterized by flu-like symptoms,
shakes, teeth chattering, loose stools, and nausea [27]. Long-
term use of opioids causes changes in brain chemistry that lead
to drug tolerance and addiction. Addiction is a primary, chronic,
and relapsing brain disease characterized by an individual
pathologically pursuing reward and/or relief by continuing use
of opioids or other substances of abuse. Once patients are addicted
to opioids, it takes much more than just will power to break free. A
new therapeutic approach is desperately needed, such as proposed
in this review.

Cause of Opioid Addiction

When opioids are consumed, they bind to receptors located
throughout the central nervous system (CNS) as well as in other
organs such as those in the gastrointestinal tract. When opioids
bind to CNS receptors, they trigger a series of chemical changes
that produce feelings of euphoria and relieve pain [28]. These
feelings of euphoria are caused by an increase in dopamine
produced by the ventral tegmental area (VTA) and released into
the nucleus accumbens (NAc), giving rise to feelings of pleasure
[14]. After repetitive use, the body becomes tolerant to the drug
such that the brain stops creating the same amount of dopamine,
and more drug is needed to produce the same sense of analgesia
and/or euphoria [29]. Molecular changes within CNS neurons
occur that alter an individual’s brain chemistry. No longer are
they solely using the drug to feel pleasure, but they are dependent
on the drug to avoid harmful withdrawal side effects. It is at this
point that they are addicted.

The Immune System and the Central Nervous System

The central nervous system (CNS) primarily consists of neurons
with their dendritic fields and glial cells [30]. Dendrites are
responsible for producing cytokines that serve as the chemical
messengers and allow for communication between these two
systems. Traditionally, the glial cell system was considered to be
a passive accessory to neurons. However, it was demonstrated
that these cells actively participate in synaptogenesis, neuronal
excitability, and neurotransmission [31]. In fact, recent studies
suggest that the CN'S may be composed of 10 times more glial cells
than neurons [32]. An increasing number of studies demonstrate
that glial cells express receptors for most neurotransmitters and
release neuroactive substances that have been shown to modulate
neuronal activity and synaptic plasticity [30]. Synaptic plasticity
consists of changes in synaptic strength that are believed to be the
basis of learning and memory as well as addiction. This has been
further substantiated by studies demonstrating that the glial system
undergoes robust changes in their morphology and physiology in
response to opioid exposure within key brain sites contributing to
addiction [33,34]. For example, in animal models, several CNS
areas have been shown to be responsible for opioid addiction,
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namely the: periaqueductal gray matter, the nucleus accumbens,
some thalamic nuclei, the hippocampus, and the spinal cord, and
microglial cells in these areas have been shown to upregulate
cytokines after opioid exposure [35]. Because glial cells are all
around synapses and release a wide variety of neuroactive molecules
during physiological and pathological conditions, glial cells have
been shown to modulate synaptic plasticity in many different
ways from changes in synaptic coverage to release of chemokines
and cytokines [36, 37]. It has even been shown that there may
be dedicated “glia” transmitter release. Glial cells were reported
to affect synaptic scaling, homeostatic plasticity, metaplasticity,
long-term potentiation, and long-term depression, critical changes
to brain neurocircuitry that underlie drug addiction. Moreover,
glial cells have also been shown to decrease morphine tolerance,
morphine reward, and drug dependence strongly suggesting that
glia may be the key neurological component responsible for opiate
addiction. In fact, glial inhibitors such as the drug, Ibudilast, are
currently being developed and investigated for their potential role
in alleviating opioid withdrawal symptoms [38-42].

In addition to their role in addiction, glial cells are considered to
be part of the immune system. The discovery of the glial system’s
role in immune activity led to the concept of the neuroimmune
system. The neuroimmune system is primarily composed of glial
cells and is structurally distinct from the peripheral immune system
that consists of the complement system, macrophages, etc., many
of which cannot cross the blood-brain barrier [43]. Neurons and
glial cells work together to combat pathogens during brain injury.
This interaction is mediated by chemokines and neurotransmitters
[44]. It is believed that glial cells are also involved in the opioid
addiction phenomenon as they have been shown to contain
opioid receptors [45]. The activation of these receptors can be
regulated by endogenous opioid production and when activated
by endomorphins lead to IL-10 and IL-12 activation as well as
IL-23 suppression [46, 47]. In fact, immature glial cells express
low levels of opioid receptor mRNA and higher levels as they
mature [48].

Opioids and the Immune System

Wybram group was the first group to produce experimental
evidence demonstrating that opioids modulate the immune system
[49]. Since then, studies have shown that opioids are found in many
leukocyte subpopulations and in lymph nodes, and that opioid
peptides, produced by leukocytes, are released in response to a
stimulus leading to antinociceptive effects suggesting that there is
an endogenous opioid effect on some immune functions [50-52].
Recently, many studies have been working towards connecting the
immune system with opiate addiction and its analgesic properties
[53, 54]. In other words, these studies have been investigating
whether opioid’s effects on the CNS immune system contribute
to its euphoria and pain relieving properties [19, 50, 55, 56]. This
idea was based on the observations that: 1) opiate receptors are
present on immune cells; 2) morphine modulates the production
of immune substances (cytokines); 3) cytokines are produced as
part of the immunologic response (inflammation); 4) cytokines
influence pain; and 5) opioids interfere with the immune system
[5§7-61]. In this way, cytokines may be the logical target for
analgesic development [57]. Many studies dating back to the
1980s, have demonstrated that opiate abuse can provoke other
health conditions by breaking down the body’s immune system
[62]. Several clinical studies have suggested that opioid users

are more susceptible to infection, including HIV, due to immune
suppression [63-66]. In heroin users, specifically, it was shown
that patients had lower levels of retrovirus transcription factors
leading to increased HIV risk as well as higher levels of TNF-a,
IL-8, and other immune suppressor genes [67, 68]. These effects
were also seen in morphine withdrawal, which reduced cell-
mediated immunity decreasing the body’s capability of innate
resistance to infection and leading to the reactivation of latent
viruses [69]. Further, morphine was shown to reduce natural
killer cell activity, mitogen induced lymphocyte proliferation,
and cytokine production [70]. Morphine and fentanyl have been
found to impair the function of macrophages, NK cells, and T
cells. Further, Mao et al., demonstrated that morphine suppresses
T-cell differentiation in a concentration-dependence manner, an
effect inhibited by naloxone, an opioid antagonist [71].

Moreover, studies demonstrated that inflammatory changes occur
after dopamine signaling, the neurotransmitter responsible for
addiction, by inducing feelings of pleasure and reward [72]. This
increase in dopamine signaling can be seen on fMRI and correlates
with increased levels of immune system modulators such as
interleukin-6 [73]. Additionally, morphine-induced activation
of the central immune signaling system was shown to engage
the mesolimbic dopamine neural circuit as well as withdrawal
centers [33, 74-77]. In summary, there is reciprocal interaction
between the immune system and opioids [56]. These findings
were corroborated by Hutchinson and Watkins who went further
to suggest that the immunopharmacology products (chemokines
and interleukins) generated by the body upon morphine exposure
are crucial targets for the future of addiction therapy [78].

Studies Demonstrating that the Immune System Participates
in Opiate Withdrawal

Studies have shown that opioids have a direct effect on the
immune system and this connection with the immune system
was shown to influence its analgesic properties. There is hope
that research into the use of drugs that modulate the immune
system (immunomodulators) may be the treatment of choice in
the prevention of opiate addiction and curing the opiate epidemic.
However, first, it was necessary to establish that the immune
system contributes to the opiate withdrawal syndrome.

The capacity of the immune system to participate in the processes
primarily considered to be CNS phenomena, (i.e. addiction and
withdrawal) has been suggested by several studies demonstrating
that injection of morphine into the periaqueductal grey area
alters immune system function as well as that an intact immune
system is essential to the expression of opiate withdrawal [79,
80]. In two different studies, the immune system was ablated
after chronic morphine exposure. Animals were then treated
with naloxone to induce opiate withdrawal. All of these animals
with immune system ablation failed to express opiate withdrawal
behaviors as compared to control (without ablation), see Fig
1A. In another group of animals, following immune ablation by
selective irradiation, the immune components were reconstituted
from donor animals. Following immune reconstitution, chronic
morphine was administered followed by naloxone (Fig 1B). All
of the rats in this experiment expressed withdrawal behaviors [60,
62, 80-82]. These studies provide scientific evidence linking the
immune system to the opiate withdrawal syndrome.
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Figure 1: The figure summarizes two experiments (A and B) each with six groups of N=8 animals. In A), group 1 (Fig 1A left
side, yellow) summarizes the group with the morphine pellet (75mg/kg) implanted for 72hrs followed by naloxone (Nal) 1.0mg/kg
administration - showing the withdrawal behaviors as compared to the next 4 groups. The next four groups (red, black, purple, and
blue) are control groups showing that the destruction of the immune system by irradiation did not alter the animals’ behavior. The
last group (orange) showed that destruction of the immune system significantly (p<0.05) attenuated the seven behavioral withdrawal
symptoms as compared to the intact morphine naloxone group (yellow). In B), six similar groups were used. On the left (yellow) is
the group with the implanted morphine pellet (75mg/kg) — showing the expression of behavioral withdrawal symptoms following
precipitated withdrawal from naloxone (1.0mg/kg) as compared to the red group. The second group (red) is a control group showing
that naloxone (1.0mg/kg) by itself did not elicit withdrawal behaviors. The third group (orange) showed that immune destruction by
irradiation significantly (p<0.05) attenuated the seven behavioral expressions indicating withdrawal. The fourth (purple) and fifth
(blue) groups showed that reconstitution of the immune system after its destruction by irradiation did not modulate the animals’
behaviors as compared to group 2 (red, intact/Nal). The last group (grey) showed that immune reconstitution followed by morphine
pellet implantation and then naloxone treatment expressed significant (p<<0.05) withdrawal behaviors as compared to group 5 (blue).
All the behavioral measures were obtained about 72hrs after morphine pellet implantation. indicates a significant (p<0.05) difference
from the control groups. indicates a significant (p<0.05) difference from the morphine/naloxone groups. indicates a significant (p<0.05)
difference from the intact/naloxone groups.

Studies Aiming to Treat the Opiate Withdrawal Severities

Since the discovery of endogenous opiates, the question that
arose was: what prevents the development of tolerance and/or
dependence to these endogenous opioids? It was postulated that
endogenous production of a protein, peptide, or immune system
product such as a cytokine in the central nervous system (CNS)
could prevent the development of tolerance and/or physical
dependence to these circulating endogenous opiates [61, 83-86].
Bertolini et al., suggested that some endogenous substances are
produced and released along with the endogenous opioids in
order to prevent the organism from developing tolerance to, or
dependence on, its own endogenous opioids [61, 87]. It was reported
that circulating endogenous o-interferon was reduced dramatically
in opiate addicted animals. This was the rationale for a series of

experiments to test if treatment with a-interferon to opiate addicted
animals would reduce the severity of withdrawal symptoms. These
experiments showed that treatment with a-interferon significantly
reduced the severity of opiate withdrawal behaviors (Fig 2A)
[58, 59, 83, 85, 88-94] . These studies were followed by the use
of another two immunomodulators: cyclosporine and cortisol
injected after chronic morphine exposure followed by naloxone
administration. This experiment is summarized in Figure 2B and
2C. Figure 2 demonstrates that a single injection of each of the
three immunomodulatory substances: a-interferon, cyclosporine,
and cortisol to opiate-dependent rats prior to naloxone injection
significantly attenuates and, in some animals, eliminates the
severity of opiate withdrawal expression completely [58, 59, 61,
88-91, 95-100].
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Figure 2: A) The left most histogram (yellow) summarizes the effect of placebo pellet, “Placebo” (control), followed by naloxone,
“Nal” (1.0mg/kg) injection, i.e. naloxone did not elicit withdrawal behaviors in the group treated with the placebo pellet. The second
histogram (red) summarizes the group of animals group implanted with morphine pellet (“Mor”, 75mg/kg) followed by naloxone
injection — showing that naloxone induced withdrawal behaviors. The next three morphine dependent groups (green, purple, and blue)
were treated prior to naloxone with a-interferon (IFN), cyclosporine (cyclo), and cortisol (cort) carriers, respectively. They demonstrate
that naloxone injection in the placebo pellet group has no effect, while naloxone administration in all the other animal groups that
were treated with IFN, cyclo, and cort carriers expressed behavioral withdrawal. These findings are similar to the group treated with
chronic morphine and naloxone without the carrier, i.e. demonstrating that the immunomodulator carriers did not reduce the severity
of opiate withdrawal. B) Histograms showing the effects of a-interferon (IFN, 150 IU/gm/bw), cyclosporine (cyclo, 15mg/kg), and
cortisol (cort, 20mg/kg) injection to morphine dependent animals 72hrs after morphine pellet (75mg/kg) implantation and one hour
prior to naloxone (1.0mg/kg) administration. The figure demonstrates that all three neuromodulators attenuated significantly (p<<0.05)
the severity of opiate withdrawal precipitated by naloxone injection in morphine dependent animals with some animals exhibiting
total elimination of opiate withdrawal behaviors modified from [88-91, 99]. Morphine dependence was obtained by implanting
morphine pellets (75mg/kg) for 72hrs prior to naloxone (Nal) 1.0mg/kg injection. All recordings were performed about 74hrs after
morphine pellet injection. indicates a significant (p<<0.05) difference from the placebo control group. indicates a significant (p<0.05)

difference from the morphine/naloxone group.

Immunomodulators: a-interferon (IFN), cyclosporine (cyclo),
and cortisol (cort)

The following three immunomodulators were used in a series of
experiments designed to reduce the severity of opiate withdrawal
symptoms, thereby eliminating opiate cravings and relapse:

1). a-interferon (IFN) is an endogenous protein found in vertebrae
animals including homosapiens. This endogenous substance has
been show to be a biological regulator of cell function. IFN are the
most rapidly produced defense against foreign macromolecules,
with non-specific, potent immunomodulatory activity [101-104].

Studies have demonstrated that recombinant human IFN
introduced to morphine-addicted rodents reinstated morphine
conditioned place preferences (CPP), and that naloxone inhibited
this reinstatement of morphine CPP, thus establishing IFNs
potential to eliminate opioid dependence [105]. The mechanism
by which this occurs is hypothesized to be two-fold. Firstly,
IFN may have a direct affect on CNS cells, which have opioid
receptors. This has been supported by neurophysiological studies
recording from single neurons showing that [IFN modulates opiate
mediated phenomenon by directly acting on specific brain areas
that participate in pain, temperature regulation, and food intake
[61, 96, 97, 106, 107]. Secondly, IFN modulates the immune

system possibly resulting in the modulation of morphine’s
analgesic effects. This has been supported by studies showing
that IFN engages neurons initiating an immune response through
the activation of inducible protein 10 (IB-10), a chemokine that
promotes a Thl inflammatory response, suggesting that there
are specific immune system products, i.e. interferon, that are
involved in cell signaling that affect brain activity to control
craving and withdrawal [61, 98, 108]. It should also be noted that
IFN possesses endocrine activities in addition to immunologic and
neuromodulatory properties by eliciting corticosteroid secretion
and affecting ACTH and endorphin release [85, 109, 110].

2). Cortisol: Numerous studies have shown that there is a close
connection between the neuroendocrine and the immune systems
[19, 111]. Cortisol is a steroid hormone, one of the glucocorticoids,
whose release is stimulated by ACTH. It is made in the outer
cortex of the adrenal glands and then released into the blood
stream and transported throughout the body. Almost every cell
contains receptors for cortisol and thus, cortisol has many different
actions depending on the tissue it is acting upon [112]. These
effects include controlling the body’s blood sugar levels and thus
regulating metabolism, acting as an anti-inflammatory, influencing
memory function, controlling salt and water balance, influencing
blood pressure, and helping with the development of the fetus [113,
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114]. In many species, cortisol is also responsible for triggering
the processes involved in giving birth [115-118]. It should also be
noted that corticosteroids are nonspecific immunosupressors that
modulate the immune system by affected T-cells and B-cells and
hence cell-mediated and humoral-mediated immunity [119]. In
addition, macrophages and monocytes appear to be greatly affected
by cortisol. Furthermore, aside from inducing a lymphopenia
by redistributing circulating lymphocytes to other lymphoid
compartments glucocorticoids also may directly suppress the
synthesis of IL-2 [120, 121]. Moreover, morphine was reported
to modulate the hypothalamic-pituitary-adrenal (HPA) axis
and cortisol administration may restore the HPA axis. Opioids
activate the downstream pathway of the HPA axis suggesting that
glucocorticoids modulate the immune system and may explain
why cortisol treatment attenuates the opiate withdrawal symptoms
[53, 65,99, 122, 123].

3). Cyclosporine A: Cyclosporine is an immunosuppressive, cyclic
polypeptide (substance), consisting of 11 amino acids [124]. Itis
obtained from a fungus and used in organ transplant surgery [125].
Cyclosporine has long been known as an immunodulator and is
used clinically for its preferential action on helper T-lymphocytes
[126, 127].

Recently, cyclosporine has been gaining attention for its effects
on the central nervous system [128]. Rashki et al. demonstrated
that cyclosporine, when given to rodent animal models, inhibited
the development of morphine-induced tolerance [128]. While the
mechanism for its action on the brain is not well understood, one
commonly proposed hypothesis for how cyclosporine modulates
morphine tolerance is through the nitric oxide synthesis pathway as
studies have shown that increased nitric oxide formation, a freely
diffusible compound through the blood-brain barrier that affects
neural transmission, cell to cell communication, and neuronal
survival, leads to antinociceptive properties [129, 130].

Cyclosporine activity is also known to influence the endocrine
system. One example is that it has been demonstrated that
cyclosporine induces a change in serum prolactin levels [131]. This
may be significant since prolactin levels show marked alteration
during morphine withdrawal behaviors [132]. Further, studies
demonstrate that the sensitivities to the antinociceptive effects
of morphine in diabetic mice were the same as sensitivities in
non-diabetic mice after 14 days of cyclosporine implying that
cyclosporine’s ability to attenuate morphine withdrawal may
be related to its activity on the endocrine system rather than on
immunomodulation [133].

In a previous study, the cyclosporine levels in rat brain tissues
were directly measured following intra-peritoneal (i.p.) injection.
One hour after i.p. injection, significant levels of the drug (80.9ng)
as compared to the control group (10.8ng) were observed [97].
This indicates that the drug does reach the brain area where it
conceivably may have a direct effect on the central nervous system
(CNS). Moreover, this is a level associated with the bioactivity
of cyclosporine in immune cells and therefore, may indicate the
potential for cyclosporine to act directly on the brain [93].

Current Treatments for Opioid Addiction

Non-medical abuse of opioids has been a concern since the
1990s, but rates of abuse have been increasing exponentially in
recent years. Various methods have been used and continue to be
developed in an effort to limit abuse of opioid medications [5,
7]. Currently, the only consistently utilized method to combat
opioid addiction is medical management with formulations of the

following drugs: methadone (an opioid agonist), buprenorphine (a
partial opiod agonist), and naltrexone/naloxone (opioid antagonists)
[134]. Additional medications include: Zubsolve, Probuphrine,
Sublocade, CAM2038, Lofexidine Hydrochloride and Buprenex
[7-13]. They vary from each other based on half-life, mode of
delivery (injection vs. oral vs. sublingual), and degree of opioid
receptor agonism/antagonism. While maintenance therapy with
methadone, buprenorphine, or one of its cousin formulations has
been shown to reduce opioid-related deaths, these medications are,
in effect, combating opioid addiction by giving patients opioids in
a controlled fashion over long periods of time [15,16]. These drugs
do not address the underlying neurochemical adaptations leading
to opioid addiction, nor do they target the inflammatory and/or
dopaminergic pathways responsible for addiction phenomenon.
Additional drugs are in the pipeline and are still under study to
be verified as safe and beneficial (NIDA Update, 2018). It is
time for an innovative therapy to be tested if we are to develop
breakthrough therapies in the future. The current climate of opioid
addiction research focuses on neuroinflammatory approaches that
may directly address the underlying mechanisms behind opioid
addiction and opioid withdrawal [135]. We hope to encourage
the further study of neuromodulators (a-interferon, cyclosporine,
and cortisol) that have shown promise in preclinical trials with
the hopes of testing the efficacy of these drugs in human subjects.
Using immunomodulatory substance therapy as proposed in this
review may allow for shorter treatment time with substances that
do not belong to the opiate family.

Summary

The opioid epidemic has claimed the lives of more than 700,000
people since 1999 to 2017 (Centers for Disease Control and
Prevention, 2018). As 0f2017, the Department of Health and Human
Services declared the opioid epidemic a public health emergency
[136]. This review presents preclinical studies demonstrating
that the immune system participates in the expression of opiate
withdrawal and that the use of immunological substances such
as a-interferon, cyclosporine, and cortisol significantly attenuate
the severity of the naloxone-induced withdrawal symptoms in
opioid-dependent animals.

Recently, it has been observed that the immune system may
be responsible for opioid addiction as endogenously released
immune system substrates contribute to analgesia and morphine
modulates the immune system [137]. For example, morphine acts
on the periaqueductal gray matter (PAG), an area of the brain
involved in drug addiction, to alter natural killer cell activity,
an effect antagonized by the direct administration of naltrexone,
an opioid antagonist, into the PAG [70]. Further, studies have
begun to link glial cells with opioid addiction noting that glia
contain opioid receptors and may be responsible for the synaptic
plasticity underlying drug addiction. This hypothesis has been
further substantiated by studies demonstrating that morphine
enhances activation of microglia, an effect blocked by Naltrexone
[138]. Moreover, central nervous system (CNS) dopaminergic
mechanisms that are responsible for the feelings of euphoria that
direct drug addiction, may also contribute to morphine-induced
immunomodulation. Taken together, these findings support the
interaction between opioids, the central nervous system, and the
immune system, and encourage the use of immunomodulators in
the treatment of opiate addiction.

The opiate abstinence syndrome represents a fundamental feature
of the addictive process with tolerance, physical dependence, and
withdrawal being characteristics of its repetitive (chronic) use, and
the degree of addiction being directly correlated to the intensity
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of the behavioral withdrawal expression [139-141]. The degree
of opiate dependence can be assessed by injecting animals treated
with chronic morphine with the opiate antagonist, naloxone.
Dependence is measured by quantifying the various behavioral
signs associated with naloxone-induced withdrawal (see Fig 2).
Behavioral studies have demonstrated that the immunomodulators:
a-interferon, cyclosporine, and cortisol significantly attenuate
the naloxone-induced morphine withdrawal behavior, and that
even a single dose can help alleviate the morphine withdrawal
syndrome. [98, 142-149].

Ultimately there are several morphological and physiological
substrates that provide the circuitry for reciprocal communication
between the immune system and the central nervous system. Thus,
the administration of immunomodulators such as o-interferon,
cyclosporine, and/or cortisol may affect the activities of the
CNS and immune systems in response to opioid exposure in
order to eliminate relapse and dependence on opioids [108].
We hope that this review will encourage clinical studies to use
immunomodulators in combating the opioid epidemic and save
lives.

Conclusion

Morphine addiction is considered a central nervous system
(CNS) phenomenon. The involvement of the immune system in
modifying CNS phenomena has been suggested for at least 175
years and more recently by various groups [150]. This review
presents several studies demonstrating that the immune system is
involved in the opioid withdrawal syndrome (Figure 1) and that
immunomodulatory therapy using a-interferon, cyclosporine,
and cortisol treatment in morphine dependent rats was able to
significantly attenuate the severity of the opiate withdrawal
syndrome precipitated by naloxone injection (Figure 2). This
review calls for further investigation and clinical trials in order
to solve the opioid epidemic that is responsible for the deaths of
thousands across the world.

By taking advantage of the interaction between the immune
system and the central nervous system and investigating the role
of immunomodulators as a treatment for opioid dependence,
possible pharmacological treatments for opioid addiction may
be discovered. Since behavioral studies demonstrated that the
immunomodulators: a-interferon, cyclosporine, and cortisol
significantly attenuate morphine abstinence withdrawal behavior,
it is possible to conclude that opiate addiction is mediated at least
in part via modulation of the immune and endocrine systems, and
that the immune, endocrine, and CNS systems communicate with
one another to produce opiate dependence and opiate withdrawal
phenomenon [98, 142-149].
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