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Abstract

Substance-use disorder represents a frequently hidden non-communicable chronic disease. Patients with
intravenous drug addiction are at high risk of direct exposure to a variety of viral infections and are considered to be
the largest subpopulation infected with the hepatitis C virus. Ribavirin is a synthetic nucleoside analog that has been
used as an integral component of hepatitis C therapy. However, ribavirin medication is quite often associated with
pronounced psychiatric adverse effects. It is not well understood to what extent ribavirin per se contributes to changes
in drug-related neurobehavioral disturbances, especially in the case of psychostimulant drugs such as amphetamine. It
is now well-known that repeated amphetamine usage produces psychosis in humans and behavioral sensitization in
animals. On the other hand, ribavirin has an affinity for adenosine Al receptors that antagonistically modulate the
activity of dopamine D1 receptors, which play a critical role in the development of behavioral sensitization. This
review will focus on the current knowledge of neurochemical/neurobiological changes that exist in the
psychostimulant drug-addicted brain itself and the antipsychotic-like efficiency of adenosine agonists. Particular
attention will be paid to the potential side effects of ribavirin therapy, and the opportunities and challenges related to

its application in already existing psychostimulant-use disorder.
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1. INTRODUCTION

The drug in use is under the continuous supervision of clinicians and researchers responsible for monitoring
and examining its effects, and sometimes it can lead to an unplanned reveal of its new applications and/or side effects.
An introduction of a new drug to the market is a prolonged and expensive process which implies its discovery,
development, preclinical and clinical testing, and approval by the national regulatory authority. Discovering new uses
for an old drug, i.e., drug repurposing or drug repositioning, is a highly efficient, low-cost, and riskless approach to
find new or to extend current therapeutic purposes of an existing drug [1, 2]. Conversely, detection of the side effects
of a drug, once it is approved for use, leads to its application with great caution or even more complete avoidance in
some conditions.

Ribavirin is a synthetic nucleoside analog that has been used as an antiviral drug for many years [3-13]. It has
been revealed that ribavirin treatment causes side effects such as depression, anxiety, psychosis, cognitive impairment,
and body weight loss [14-18], which significantly limit or detain its application in patients with psychiatric disorders
and/or substance abuse. Although it is typically used as an antiviral drug, it can also modulate behavioral response
induced by amphetamine (AMPH) [19-21], implying its possible application in counteracting psychostimulant-
induced effects. These findings indicate the importance of further monitoring and examining of the effects of ribavirin
in these conditions in order to determine the benefits and adverse consequences of its treatment.

2. SUBSTANCE-USE DISORDER AS A NON-COMMUNICABLE CHRONIC DISEASE

Non-communicable diseases are chronic diseases characterized by long duration and slow progression. They
affect people of all ages and are the leading cause of death worldwide. According to the global status report released
by the World Health Organization [22], they were responsible for 38 million (68%) of the world’s 56 million deaths in
2012. Unhealthy diets, physical inactivity, exposure to tobacco smoke, or harmful use of alcohol are four main risks
contributing to non-communicable diseases [23-26]. The most common are cardiovascular diseases (such as heart
attacks and stroke), cancers, chronic respiratory diseases (such as chronic obstructive pulmonary disease and asthma),
and diabetes.

The substance-use disorder is one of the frequently hidden and neglected non-communicable diseases despite
causing a considerable health burden [27]. In many countries, it is separated from general healthcare with resources
that are not adequate for the burden. Treatment rates for people with substance-use disorders are low and slow, with

treatment gaps of more than 90% in developing countries [28-30].



The substance-use disorder is a medical condition related to repeated use of a substance that leads to severe
health and social problems, including addiction [31]. The term “substance” refers to psychoactive compounds such as
nicotine, alcohol, cannabinoids, hallucinogens, opioids, sedatives, hypnotics or anxiolytics, as well as stimulants.
These compounds can be legal (e.g., nicotine), illegal (e.g., heroin and cocaine), or prescribed for medical purposes
(e.g., opioids), and they have in common that their use produces feelings of pleasure. Substance abuse and drug
dependence produce significant and lasting changes in brain chemistry and function [32-36]. Because of long-term
and severe consequences, which could be caused by substance abuse, there is a generally accepted view that
substance-use disorder represents a chronic disease [37]. As the leading cause of life with a disability, substance-use
disorder could be one of the biggest health problems facing the new world in the future.

3. PSYCHOSTIMULANT ADDICTION

Stimulants are known to alleviate fatigue, increase vigilance, and generally increase work output [38]. It has
been suggested that their use might be motivated, at least in part, by a desire to relieve behavioral and cognitive
deficits [39, 40]. AMPH-type stimulants are the fastest rising drugs of abuse worldwide, ranking the second most used
illicit drugs after cannabis, followed by cocaine and opiates [41, 42]. North America is second to East and Southeast
Asia in the prevalence of AMPH users, with an estimated 3.92 million current users in North America [42].

3.1. Amphetamine — A Brief Historical Overview

AMPH was first synthesized by a Romanian chemist named Lazar Edeleanu at the University of Berlin in
1887. Biochemist Gordon Alles re-synthesized the drug in the 1920s, subsequently discovering its psychoactive
effects. Searching for a decongestant and bronchodilator to substitute for ephedrine, Gordon Alles discovered the
physiological activity of beta-phenyl-isopropylamine (soon to be known as AMPH). Although AMPH was thought to
be a human invention, the compound was found in 1997, along with methamphetamine, nicotine, and mescaline,
within two species of Texas acacia bushes [43, 44].

In the early days of scientific drug discovery, researchers routinely experimented on themselves as familiarity
with a compound made them the best observers of its effects. On June 3, 1929, a twenty-seven-year-old Gordon Alles
took an injection of a chemical he had recently created (preliminary data known from guinea pig tests) and his doctor
friend, Hyman Miller, discovered changes included a blood pressure rise within 10 min, dry and clear nose, a “sense
of well-being” soon after, normal blood pressure 8 h after taking the drug, increased talkativeness and good spirit, and
a “rather sleepless night” [45]. Alles began sharing the drug with a group of doctors and researchers for experimental

use and published his first clinical results with the substance in 1930 [46]. He protected his intellectual property and
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received a patent: a 1932 U.S. patent declared him the inventor of amphetamine sulfate and amphetamine
hydrochloride, recognizing him as the discoverer of their medicinal values. Meanwhile, the Philadelphia firm Smith,
Kline and French (SKF) investigated the base form of AMPH and patented it in 1933 as the Benzedrine Inhaler, a
capped tube containing 325 mg of oily AMPH base (for congestion, one was meant to inhale AMPH vapor every hour
as needed; [47]). There was no legal category of prescription drugs in the 1930s, and Benzedrine Inhaler was
advertised for sale without a prescription [48].

In early 1937 the new drug, Benzedrine sulfate, appeared in the form of a pill. In 1936 researchers at the
University of Minnesota had given pills to student volunteers to evaluate any psychological effects. The participants
realized they could use it to stay awake and study harder. In 1937, psychiatrist Charles Bradley administered
Benzedrine sulfate to “problem” children in an attempt to alleviate headaches and noticed an unexpected effect upon
the behavior of the children, i.e., improved school performance, social interactions, and emotional responses [49]. It
was noted for the first time that AMPHs could produce a “paradoxical” relaxing effect in severely disruptive,
institutionalized, hyperactive boys [49], which paved the way for their more common medical use in the attention-
deficit/hyperactivity disorder (ADHD). The greatest experiment in AMPH-based enhancement came in World War II.
By mid-1940, the British and American militaries had begun their investigations of Benzedrine's ability to help
combat fatigue and boost the morale of soldiers, and a study by the British War Office discovered similar use within
the German military [50]. As concluded in this excellent review article, the grounds on which armies adopted AMPH
had less to do with the science of fatigue than with the drug's mood-altering effects, as judged by military men —
increased confidence and aggression, and elevated “morale.”

As a molecule with a single chiral center, AMPH exists in two optically active forms, i.e., the dextro- (or d-)
and levo- (or /-) isomers or enantiomers. The /-AMPH (Cydril) achieved far less attention than either the racemate
(Benzedrine) or d-isomer (Dexedrine), although clinical trials conducted in the 1970s demonstrated that both isomers
of AMPHs were clinically effective in treating ADHD [51]. Nevertheless, /-AMPH produces more cardiovascular and
peripheral effects than the d-enantiomer. Both AMPH isomers are equally potent noradrenaline releasers, but d-isomer
is about threefold more potent than /-isomer as a dopamine releaser, which points to dopamine as the primary
neurochemical mediator of AMPH’s stimulant properties [51-53].

By 1940, AMPH was already known to have abuse potential, gaining popularity among nonmedical users, as
the “pep pill” in the United States and “the confidence drug” in Britain [50]. Benzedrine’s ability to improve mood

and relieve feelings of monotony made it susceptible to abuse. After World War II, much of the stocks got into the
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“black market” and in the 1950s, AMPH abuse became evident [51]. By 1980 most countries that regulate drug use
had severely restricted the legal use of AMPHSs, but the number of prescriptions and prescription abuse continued to
grow, particularly in North America [54]. In the United States and internationally, AMPH is classified as a Schedule II
drug — accepted medical use, but tightly monitored due to its potential for abuse that can lead to severe psychological
and physiological dependence [54]. Over 95% of pharmaceutical AMPHs are either d-isomer or a mixture of d- and /-
isomer salts [54].

3.2. Amphetamine Usage and Side Effects

An essential fact about AMPH is its use as an antidepressant in the 1950s before the discovery of the tricyclic
monoamine reuptake inhibitors. When it was noted that a side effect of Benzedrine ingestion was suppression of
appetite, AMPH (especially Dexedrine) became a wildly popular diet drug. By 1962 the Food and Drug
Administration (FDA) estimated that 8 billion pills, or an astonishing forty-three per person, were being sold annually
[55]. Rasmussen cites evidence that approximately 2 to 3 percent of those prescribed the drug in the 1960s became
addicted; since 10 million Americans had been prescribed an AMPH in 1970, this would mean 200,000 to 300,000
addicts [48]. Importantly, in a classic study of that period, Connell from the Institute of Psychiatry reported a group of
heavy AMPH users who had become paranoid [56], highlighting the potential psychiatric dangers related to the use of
this drug.

Because of their stimulant activity within the central nervous system (CNS; proposed mode of action
described below), AMPHs have been examined for the treatment of several disorders, including ADHD (most
pharmaceutical AMPH is used in the treatment of ADHD, [54]), daytime sleepiness associated with narcolepsy ([57];
AMPHs produce objective improvement in 65-85% of patients with narcolepsy, [58]), and obesity [59]. Although
AMPHs remain among the most effective appetite suppressants by the 1990s, the United States Pharmacopoeia's
resource no longer recommended AMPH for treatment of obesity due to the high abuse potential and availability of
equally effective appetite-suppressants with lower abuse potential [54]. Furthermore, AMPHs induce euphoria,
increase alertness, decrease appetite and fatigue, increase heart rate, blood pressure, and breathing rate, constrict blood
vessels, dilate pupils, and release glucose and lipids into the bloodstream [60]; the user has an intense fascination with
all his thoughts and activities [61]. The effects may appear within 30 to 40 min and last for 4 to 8 h depending on the
formulation (immediate-release or sustained-release formulations), route of administration (orally, snorted, smoked, or
injected intravenously), and the dose [54, 60]. To achieve the most significant pharmacological effect and immediate

gratification/pleasure the drug must be delivered into the CNS in the shortest possible time, which causes drug abusers
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to progress from relatively safe methods of self-administration (i.e., oral ingestion) onto more dangerous routes of
administration (such as intravenous injection). The kinetics of AMPH, when taken orally, makes it less rewarding
(pleasurable) than cocaine or methamphetamine, while the intravenous use of AMPH and other stimulants, although
more pleasurable, still poses significant safety risks to the individuals indulging in this practice [51]. Chronic use of
AMPH-like stimulants can culminate in addiction (the loss of control over drug taking) and psychosis with tolerance
and sensitization (depending on the dose and the interval between the drug treatments), which is better explained
within the next subheading. Special attention was paid to appetite suppression (subheading 3.4.) as reduction in body
weight due to continuous AMPH use may lead to malnutrition and consequently to decreased resistance to diseases.

The development of tamper-deterrent AMPH formulations has been a substantial objective of the
pharmaceutical industry to prevent this type of abuse. Several new once-daily AMPH-containing prescription drugs
with a high degree of tamper deterrence have emerged (e.g., Adderrall XR). Besides, lisdexamfetamine as a prodrug
of AMPH is the next step in the reduction of brain drug concentration, thereby further reducing the pleasurable effects
of the AMPH [51].

Importantly, many of the behavioral effects of AMPHs that have been observed in humans can be
demonstrated in experimental animals. These include arousal, hyperactivity, stereotypic perseverative movements,
psychomotor depression, cognitive impairment, hallucinatory-like behaviors, and chronic self-administration [51, 54].
Animal studies have been crucial in understanding the biology and pathophysiology of drug addiction and substance
abuse because, in contrast to clinical studies, the subject population can be controlled for variables more efficiently,
thus better reflecting the ability of the drugs to control the animal's behavior [62]. Animal studies have demonstrated
that some of the typical behaviors associated with drug abuse in humans involve biological processes common to
mammalian species [63].

3.3. The Phenomenon of Behavioral Sensitization

Studies from several disciplines support the concept that while chronic, continuous stimulation with agents
acting directly (apomorphine) or indirectly (AMPH, cocaine) at dopaminergic receptors is often associated with the
development of tolerance, intermittent stimulation, under some circumstances, may have the opposite effect and be
associated with sensitization or reverse tolerance [64]. These findings suggest that the interval between stimuli is vital
in determining subsequent responsiveness. In humans, it is well documented that the chronic use of AMPH-like
stimulants elicits a progressive augmentation in paranoid behaviors that can culminate in psychosis [65]. Tolerance

after continuous administration has been described as well, initiating increases in dosage and frequency of
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administration to achieve a specific mental state [61]. Interestingly, evidence of sensitization of behavioral effects in
healthy adults after three identical administrations of 0.25 mg/kg of AMPH 48 h apart has been reported [66].
Behavioral sensitization has been well characterized for psychomotor stimulants, and refers to the progressive
enhancement of behavioral responses to drugs following their repeated intermittent administration [65, 67, 68]. The
development of these maintained behavioral adaptations parallels the progressive and sustained enhancement of drug-
craving and psychotic behaviors displayed by addicts only after repeated administration [69, 70]. Increased activity of
the ventral tegmental area (VTA; A10 dopamine neurons) is crucial for the initiation, while ventral striatal adaptations
(enhanced sensitivity of dopamine D1 receptor, enhancement of dopamine release, increased activity of
Ca®"calmodulin-dependent protein kinase Ilo (CaMKIIa, a biochemical sensor of synaptic activity)) play a role in the

expression of behavioral sensitization (Figure 1) [71-73].
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Figure 1. Schematic presentation of neurocircuits associated with behavioral sensitization and drug addiction

(for details see section 3.3.). Abbreviations: NAc — nucleus accumbens; VTA — ventral tegmental area.

The findings by Cador et al. [74] showed that AMPH action solely at the level of dopamine cell bodies in the
VTA is necessary and sufficient to promote changes subserving behavioral sensitization, which can be later revealed
by an AMPH action at the level of dopamine terminals in the nucleus accumbens. On the contrary, the sole AMPH

action at the level of the nucleus accumbens is not sufficient to promote these changes, but it is necessary to allow



their expression. These findings argue for a complete dissociation of neuroanatomical substrates, which mediate the
induction and expression of behavioral sensitization to AMPH [74].

The phenomenon of behavioral sensitization provides a reasonably good rationale for establishing a model of
AMPH psychosis (while the AMPH neurotoxicity syndrome does not). This rationale goes hand in hand with the
factual knowledge that the daily administration of only 0.3 - 1.2 mg/kg of AMPH can lead to AMPH-induced
psychosis in healthy subjects [67]. Overall, low doses of stimulants cause increased arousal, attention, and cognitive
enhancement (an inverted U-shaped dose-effect curve); moderate doses can lead to feelings of euphoria and power, as
well as addiction and cognitive impairment; and very high doses lead to psychosis and circulatory collapse [75]. The
ability of low-dose AMPH (that does not substantially impact locomotor activity) to maintain wakefulness and
increase alertness has long been exploited, contributing to the widespread use (in the treatment of ADHD and
narcolepsy) and abuse of these drugs [76]. For healthy, adult humans, doses in the 0.07 - 0.40 mg/kg range, can be
considered to be those that generally produce subjective effects consistently different from placebo, enhance mood as
assessed by a variety of scales, and improve performance on a variety of physical and cognitive tasks, without
inducing dysphoric reactions or disrupting task performance in most individuals [77]. The lowest reported dose of
AMPH that produces sensitization of vigor and euphoria in healthy adults is 0.25 mg/kg [66].

It should be noted that some findings suggest that in patients, the effects of low-dose AMPH administration
are negligible and could be used to enhance recovery from motor and language deficits after a stroke [78, 79]. These
discoveries overall questioned prolonged usage of low AMPH doses (that presumably improve mood) in adults, and
this has been recognized as a current research priority, especially considering medical/prescription usage of low doses
[54]. Much remained unclear about the mechanisms and nature of the dose-response relationship between the use of
AMPH and psychotic response [80].

Locomotor sensitization gained much interest in previous work mainly because it is believed to be related to
incentive-sensitization or enhanced “drug wanting” [69, 70], i.e., rats that develop locomotor sensitization
subsequently show enhanced self-administration of psychomotor stimulants [71]. The mesolimbic and mesostriatal
dopamine pathways are involved in locomotion and stereotypy, respectively [81, 82] with the mesolimbic dopamine
system being recognized as more responsive than extrapyramidal dopamine system to repeated intermittent exposure
to moderately low doses of AMPH (0.5 - 2 mg/kg; [83]). Previous findings that suggested mediation of certain forms
of AMPH-induced behaviors by different neuronal circuits (i.e., a strong coupling between locomotion elicited by low

and moderate doses of AMPH and the level of metabolic activity in the nucleus accumbens, as well as between
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stereotypic behavior elicited by high and moderate doses of AMPH and an increase in glucose utilization in the
extrapyramidal system) should be noted as well [84]. Literature indicates that in a rodent model, the sensitization to
the rewarding effects of AMPH could be produced by doses less than 1.0 mg/kg, ranging up to 10 mg/kg, with typical
injection frequencies of one or two times daily for 1 - 2 weeks [83]. However, although all doses of AMPH increased
endogenous level of striatal dopamine they differentially influence dopamine synthesis, i.e., high doses of AMPH (5 -
10 mg/kg) decreased dopamine synthesis, the dose of 3 mg/kg produces a biphasic response (increase followed by
decrease), while low doses (to 2.0 mg/kg) increase dopamine accumulation in the striatum [85, 86].

The dopaminergic system of the midbrain, especially its mesoaccumbens pathway, which mediates the
stimulatory effect of psychostimulants on locomotion, has been the focus of research dealing with the neurobiological
bases of AMPH-induced behavioral sensitization for a while [65, 67, 87]. Aside from AMPH-induced dopamine
release through a dopamine transporter, a more recent study suggests that there might be a non-dopamine transporter-
mediated mechanism of dopamine release [87]. This mechanism is mediated through AMPH-induced pronounced,
rapid and dose- and time-dependent increase of norepinephrine in the prefrontal cortex, which in turn may alter the
firing pattern of dopamine neurons, thus affecting the temporal pattern of dopamine release in the nucleus accumbens
[87, 88]. This effect occurs predominantly by reuptake blockade at lower doses and by dopamine release at higher
ones [89]. At doses of 2.0 mg/kg and higher, as well as over 1.75 mg/kg, AMPH significantly increases extracellular
concentrations of serotonin and acetylcholine, respectively [90, 91]. Therefore, although some reports indicate that
single exposure to AMPH (5§ mg/kg) is sufficient to induce long-term behavioral, neurochemical, and neuroendocrine
sensitization in rats [92], this dose of AMPH belongs to the high dose range that allows specific neurochemical
alterations, as discussed above.

3.4. The Appetite Reduction in Response to Amphetamine Usage

The appetite reduction in response to AMPH usage is another essential health problem as continuous use may
lead to malnutrition and, consequently, to decreased resistance to diseases. It has been reported that following the drug
usage appetite for food is suppressed completely [61]. Anorexigenic effects of AMPH are not fully understood, but
there is a view that due to the drug exposure, food does not have reinforcing properties, and therefore, does not serve
as an incentive for a learned behavioral compensation [93]. It has been shown that when rats are given repeated
injections of AMPH in an environment containing food, they develop tolerance to the initial suppression of feeding;
tolerance does not develop when they are given the same number of drug injections in the absence of food [94]. One

interpretation of this finding is that rats given AMPH with food gradually learn to suppress sterecotyped head
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movements, which interfere with feeding, while rats given the drug without food have neither the opportunity nor the
incentive for such learning [95]. However, some findings pointed out that increased hypophagia was not well
correlated with changes in stereotypy and emphasized the importance of a schedule of injections in determining
AMPH's effects [96]. Nevertheless, in humans, drug use could take place in complex environments that may modify
the pharmacological and behavioral effects of drugs. So far, there is substantial disagreement regarding which of
AMPH’s behavioral effects is altered by the presence of food [93]. It has been recognized that the environment can
modify the responsiveness to addictive drugs, and that immediate surroundings during drug-taking can alter the
behavioral, subjective, and rewarding effects of a given medication, thus influencing the propensity to use the same
drug again [97].

The mechanism by which AMPH causes a loss of body weight has been examined in early experimental
studies on dogs and humans by Harris et al. [98]. The data showed clearly that loss of body weight due to the
administration of AMPH is associated with a reduction of voluntary food intake, and that the appetite (or the attitude
toward food) returns to normal after the drug administration is discontinued [98]. The dose of 0.14 mg/kg was
recognized as effective in appetite suppression in humans, and this dose (9.8 mg/70 kg) has been used extensively in
behavioral studies with humans, and is well tolerated [99, 100]. In humans, acute administration of AMPH in the dose
range of 10 - 30 mg/70 kg decreased 24-h caloric intake by 24 - 30% [101].

The effect of AMPH on food consumption in rats has been observed as well [102]. Several studies showed
that ["HJAMPH binds to receptors in brain tissue, demonstrating the presence of both a low- and a high-affinity
saturable stereospecific protein-binding site for AMPH and mazindol (appetite suppressant) on synaptosomal
membranes in the hypothalamus and corpus striatum [103, 104]. AMPH acts mainly by blocking the dopamine
transporter that inhibits the dopamine reuptake and therefore increases the concentration of dopamine at the synapse,
but the mechanism underlying the anorectic response of AMPH is also attributed to its inhibitory effect on
hypothalamic neuropeptide Y (NPY), an orexigenic peptide in the brain [105]. It has been shown that adult male
Wistar rats receiving 1, 2, or 4 mg/kg AMPH at the beginning of the dark period (in rats, most feeding behaviors took
place in the dark phase along with feeding behavior activation) markedly decrease the amount of food intake
compared with the control [106]. These authors also showed that AMPH treatment at doses of 2 and 4 mg/kg resulted
in a significant decrease in the concentration of hypothalamic NPY that has a pattern of circadian rhythm, with high

concentration appearing at the beginning of the dark phase. The proposed mechanism of the action of AMPH
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administered peripherally in the dose of 1 mg/kg accentuated the role of dopamine and norepinephrine release into the
anterolateral hypothalamus as necessary for the suppressive effect of the treatment on feeding behavior [107].

From a clinical perspective, AMPH withdrawal in humans could be related to increased appetite [108], and
some findings reported an increased rate of weight gain during the 29-day withdrawal period in AMPH-treated rats
relative to saline-treated controls [109]. Other studies also reported that cessation of systemic injection of AMPH (3
mg/kg, for 9 consecutive days) increases food consumption over the course of 30 days, indicating AMPH-induced
sensitization of mechanisms involved in reward motivation and suggesting that weight gain following drug cessation
in humans could be due to similar mechanisms [110]. Importantly, it has also been recognized that withdrawal from
psychostimulants produces depressive-like symptoms and affects response to natural reinforces [111]. Experimental
findings also suggest that inadequate body weight gain could be detected in experimental animals for up to 3 weeks
after AMPH administration [112].

3.5. Injection Drug Use and Infectious Diseases

Abuse of AMPHs administered intravenously has become a well-established and extensive form of drug
abuse, and it has been suggested that the abuse potential of these drugs, when taken by the intravenous route, is
comparable to that of heroin or cocaine [61]. Methamphetamine and AMPH-type stimulant use has increased in the
United States in the last 20 years and has been recognized as a risk factor for hepatitis C virus (HCV) infection [113].
When AMPH is taken intravenously, dirty needles and unhygienic conditions may damage the body and cause
infections. Importantly, it has been accentuated in recent studies that substance use (and psychiatric disorders) is
common among patients with HCV infection and that there has been a minimal examination of the type of substance
use and impact on HCV-related outcomes in the clinical setting [113]. Globally, 71 million people were estimated to
be living with HCV infection in 2015, of which 5.6 million (8%) were “currently” injecting drugs [114]. Also, there is
a large, undetermined fraction of those with chronic HCV infection that have stopped injecting drugs [115].

Within past years, antiviral treatment of HCV has evolved from pegylated interferon and ribavirin to
pegylated interferon and ribavirin with new direct-acting antiviral (DAA) medications, to interferon-free DAA
combinations. Some studies suggest that the careful treatment management among addicts treated with directly
observed pegylated interferon alfa-2a plus self-administered ribavirin sustained virologic response is comparable to
that seen in clinical trials of non-drug users, and the rate of HCV reinfection is low [116]. However, it has been
recognized that patients with HCV infection, psychiatric disorders, and/or substance abuse sometimes face significant

barriers to antiviral treatment and may complicate tolerance and adherence to antiviral therapies [117]. Moreover, side
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effects of standard antiviral treatment for HCV infections have been recognized, and include depression, anxiety,
psychosis, cognitive impairment, and body weight loss [14-18], which may further complicate its application in HCV-
infected patients with psychiatric disorders and/or substance abuse.

4. THE ROLE OF ADENOSINE RECEPTORS IN PSYCHOSTIMULANT ADDICTION

Adenosine has physiological roles and is also involved in pathological processes such as epilepsy,
neurodegenerative, and psychiatric disorders [118-121]. It acts as a neuromodulator in the CNS that fine-tunes
neuronal activity and is responsible for homeostasis maintenance and prevention of functional and metabolic
activation. These effects of adenosine are mediated by activation of Gi/o-/Gg-coupled Al and A3 or Gs/Golf-coupled
A2A and A2B receptors [122]. Extracellular concentrations of adenosine are approximately 30 to 300 nM under
physiological conditions [123, 124] and above 1 puM in conditions of seizures, hypoxia, ischemia, electrical
stimulation, efc. [125, 126]. They are a reflection of the balance between multiple mechanisms that, on the one hand,
increase extracellular adenosine level, and on the other hand, promote its uptake and metabolism.

So far, it is determined that adenosine Al and A2A receptors are highly abundant in the mesolimbic system
of the brain, especially in the ventral striatum and nucleus accumbens [127]. Functional manipulation with these
receptors has revealed their role in the behavioral effects of several addictive drugs, including reinforcement,
sensitization, and withdrawal, as well as the reinstatement of instrumental responding [128, 129]. Pharmacological
studies showed that both Al and A2A agonists inhibit acute AMPH-induced locomotion in intact animals and
apomorphine-induced rotation in rats unilaterally lesioned with 6-OHDA [19, 20, 130-133]. A critical role of Al and
A2A receptors in the development of psychostimulant-induced behavioral sensitization has also been recognized [134,
135].

4.1. Adenosine System in Addiction and Psychosis

The adenosine system is the central controller of neurotransmitter systems that are affected in
psychostimulant addiction [128, 136, 137]. Therefore, adenosine receptors are of particular interest in development of
therapeutic strategies in counteraction of psychostimulant-induced effects [128]. Indeed, there is increasing evidence
of antagonistic interactions between dopamine and adenosine receptors in methamphetamine and cocaine addiction
[137, 138]. The importance of the adenosinergic system in these effects, such as disturbed locomotor activity
encountered in behavioral sensitization, was definitively confirmed in experiments done on A2A receptor knockout
mice. For example, Chen et al. [135] reported that there is a selective absence of AMPH-induced behavioral

sensitization in A2A knockout mice, thus confirming a critical role of these receptors in the development of
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psychostimulant-induced behavioral sensitization. Also, some genetic experiments confirmed that variations among
the Japanese population in the A2A adenosine receptor (ADORA2A) gene could be a vulnerability factor that
increases genetic susceptibility to methamphetamine dependence/psychosis, especially in females and/or in patients
using only methamphetamine [138]. In addition to all these genetic pieces of evidence, scientists further confirm that
the genetic blockade of A2A receptors induces cognitive impairments and anatomical changes related to psychotic
symptoms in mice [139].

On the other hand, there are argumentative suggestions that hypofunction of adenosine signaling may
contribute to the pathophysiology of schizophrenia [140]. At least two adenosine depots, striatal and hippocampal,
might be implicated in schizophrenia. However, above mentioned structurally-located adenosine systems show the
independent contributions of these two interconnected brain regions in the pathophysiology of schizophrenia, at least
in the case of Adk transgenic mice [140]. It is now widely believed that the treatment of schizophrenia relies not only
on restoring a dysregulated striatal dopamine and prefrontal cortex glutamate neurotransmission, but adenosine
neurotransmission as well [141]. Standard treatments of schizophrenia symptoms rely on drugs that act on restoration
of dysregulated striatal dopamine and prefrontal cortex glutamate neurotransmission - these treatments are usually
insufficient to fully cover all the disease symptomatology (i.e., negative and cognitive symptoms) [141]. Having in
mind that the disruption of adenosine homeostasis in the brain has many behavioral symptoms similar to
schizophrenia, and the fact that adenosine interferes with both dopaminergic and glutamatergic neurotransmission, it
has been postulated that restoring adenosine concentration within the schizophrenia-related brain areas might have
beneficial antipsychotic properties [141]. Also, in quinpirole sensitization-induced obsessive-compulsive disorder
(OCD) - model in mice, the administration of an A2A antagonist (istradefylline) alleviated both of the quinpirole-
induced abnormal OCD behaviors with only short-term administration [142]. Therefore, successful antipsychotic
strategies based on manipulation of the adenosine system of the brain will constitute a new opportunity for therapeutic
intervention in psychoses such as schizophrenia and OCD. In this respect, targeting the high-affinity adenosine
receptors (Al and A2A), and the regulatory enzyme adenosine kinase provides the rationale for further development
of effective adenosine-based antipsychotic drugs [143].

4.2. Adenosine A1l and A2A Receptors in the Basal Ganglia: Distribution and Function

The basal ganglia represent a substrate for the multiple actions of psychostimulants that, by altering

dopaminergic neurotransmission within their distinct pathways, cause behavioral perturbations [144]. The basal

ganglia consist of several interconnected subcortical nuclei, including striatum, globus pallidus (external or lateral
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segment — GPe and internal or medial segment — GPi), subthalamic nucleus, and substantia nigra [145]. The central
component is the striatum, and it is divided into dorsal and ventral sections in primates. The dorsal striatum is
composed of the caudate nucleus and the putamen, and it is involved in controlling motor movements and executive
functions. The ventral striatum is composed of the nucleus accumbens and the olfactory tubercle, and it is responsible
for limbic functions of reward and aversion. The striatum receives excitatory projections from the cortex, thalamus,
and limbic areas, and dopaminergic projections from the mesencephalon (Figure 2). Striatal outputs are primarily
composed of GABAergic medium-sized spiny neurons divided into two equally large subpopulations based on their
projections and protein content. One subpopulation projects directly to the output nuclei (substantia nigra pars
reticulata and GP1i), contains substance P and dynorphin, and is a part of “direct pathway.” Another subpopulation
projects indirectly to the output nuclei via GPe and the subthalamic nucleus contains enkephalin and is a part of the
“indirect pathway.” The direct pathway projection neurons primarily express dopamine D1 receptors, while those of
the indirect pathway mostly express dopamine D2 receptors. The nigrostriatal and mesolimbic dopaminergic pathway
represent the major feedback systems within the basal ganglia, and dopamine plays a vital role in the coordination and
regulation of the two major output pathways [146]. The most acceptable model of the basal ganglia assumes that the
direct and indirect path have an inhibitory and excitatory effect, respectively, on the neuronal activity of the output
structures that tonically inhibit motor activity [145]. In this model, dopamine inhibits the indirect pathway acting on

D2 receptors and stimulates direct pathway acting on D1 receptors, resulting in activation of motor behavior.
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Figure 2. Schematic presentation of the major afferent/efferent projections of the basal ganglia and
distribution of adenosine (A) and dopamine (D) receptors (for details see section 4.2.). Abbreviations: GPe — external
segment of the globus pallidus; GPi — internal segment of the globus pallidus; STN — subthalamic nucleus; SNr —

substantia nigra pars reticulata; SNc — substantia nigra pars compacta.

Adenosine Al receptors are found pre- and postsynaptically [122, 147] in the striatum, globus pallidus,
substantia nigra, and nucleus accumbens [147, 148]. Activated by nM concentrations of extracellular adenosine
present under physiological conditions [123, 124], they reduce adenylyl cyclase activity and cyclic adenosine
monophosphate (cAMP) production, inactivate Q-, P-, and N-type voltage-gated Ca*" channels, and stimulate K"
conductance and phosphoinositide metabolism [122, 149, 150] leading to strong inhibition of synaptic transmission.
The presence of Al receptors was confirmed on corticostriatal, thalamostriatal, and nigrostriatal afferents, where they
are involved in the depression of glutamatergic and dopaminergic neurotransmission [151-153]. Besides, Al receptors
are co-expressed with D1 receptors on striatonigral-striatoentopenduncular neurons, and their stimulation reduces D1
receptor-mediated GABAergic neurotransmission [154, 155].

Adenosine A2A receptors, located pre- and postsynaptically predominantly in dopamine-rich brain regions
including striatum, olfactory tubercle, and nucleus accumbens [156, 157], are tonically activated by endogenous

adenosine [158]. Stimulation of A2A receptors increases adenylyl cyclase activity leading to an increase in cAMP
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level and activation of cAMP-dependent protein kinase, which then phosphorylates and activates numerous receptors,
ion channels, phosphodiesterases, and phosphoproteins such as CREB (cAMP response element-binding protein) and
DARPP-32 (dopamine and cAMP-regulated phosphoprotein) [157]. Unlike A1l receptors, activation of A2A receptors
potentiates P/Q type Ca®" currents [159, 160], resulting in increased synaptic transmission. In the striatum, A2A
receptors are co-expressed with D2 receptors on GABA/enkephalin striatopallidal neurons, and their activation
interferes with effects mediated by D1 receptors [157].

Adenosine Al and A2 receptors fulfill important neuromodulatory and homeostatic functions by interacting
with dopamine and other neurotransmitters in the brain, which are responsible for motor, emotion, learning, and
memory function. Al receptors play a crucial role in neuroprotection since they decrease glutamate release and
hyperpolarize neurons in various pathological conditions [118-121]. Not only can the use of Al agonists and
antagonists aid in brain neuroprotection, but coupling A2A antagonists with activation of Al receptors might also
constitute the more robust neuroprotective strategy based on the adenosine neuromodulatory system [161]. Indeed,
balanced activation of inhibitory Al receptors imposes a tonic brake on excitatory transmission, whereas facilitatory
A2A receptors activation selectively engages in promoting synaptic plasticity phenomena [162]. Thus, Al receptors
mostly act as a hurdle in the temporal vicinity of brain insults which needs to be surmounted in order for
neurodegeneration to begin [162]. In contrast, the blockade of A2 receptors alleviates the long-term burden of brain
disorders in different neurodegenerative conditions and also seems to afford benefits in some psychiatric conditions
[162].

It is now widely recognized that critical changes in adenosinergic neurotransmission occur within aged brain
structures, including the striatum, hippocampus, and cortex [163-168]. An earlier paper by Cunha et al. [164]
suggested that there are age-related and structurally specific changes in the balance between inhibitory Al- and
excitatory A2A-adenosine receptor-mediated actions. Indeed, these authors noticed that in the cortex and
hippocampus, the balance might be shifted towards adenosine-mediated excitatory actions, since there is an increase in
the number of A2A receptors and a decrease in the number of Al receptors upon aging. In contrast, in the striatum, the
A1/A2A ratio might be only slightly affected in an aged brain. Others reported that in aged animals, the motor
inhibitory adenosinergic tone seems to be increased compared to young animals [165]. More recent studies based on
the use of positron emission tomography (PET) neuroimaging technique revealed the decreased density of extra-
striatal A1 receptors in the cortex and thalamus of patients with Alzheimer's disease [167-169]. Using the same

technique, Mishina et al. [170] described a decrease in Al receptors in the human striatum, which correlates with the
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age-related declines in D1 and D2 receptors, and lack of changes in the distribution of A2 receptors in function of
aging.
4.3. Adenosine/Dopamine Interactions

Adenosine has an essential role in the modulation of dopaminergic activity acting through adenosine
receptors — Al receptors co-localize with dopamine D1 receptors, and A2A receptors with dopamine D2 receptors in
heteromeric complexes [171, 172]. So far, the interaction of adenosine and dopamine receptors has been
experimentally confirmed in the striatum [132, 154, 158], globus pallidus [173], limbic structures [174], and
substantia nigra pars reticulata [175]. Direct intramembrane A1/D1 and A2A/D2 receptor heteromerization may alter
the affinity as well as the G protein coupling and thus the transmembrane signal pathways [171, 172]. Generally
speaking, adenosine/dopamine interactions at the behavioral level probably reflect those found at the molecular level
of receptor binding and signal transduction [172]. Al and D1 receptors interact antagonistically, which is vital data for
attempts to pharmacologically modulate disorders associated with excessive release of dopamine from intracellular
depots. Indeed, negative modulation of post-synaptic dopaminergic transmission, which is a desirable process in case
of drug-overuse, can probably be explained by antagonistic interactions between A1/D1 receptors both at the level of
binding and the second messengers [129, 136]. The interaction between A1/D1 and A2A/D2 receptors is enhanced in
the striatum of the dopamine deficient “weaver” mutation, which serves as a mouse genetic model of Parkinson's
disease [176]. All these above discussed studies suggest that adenosinergic system modulates both hyper-and
hypoactivity of the dopaminergic system of the brain, and thus motor and non-motor aspects of the organization and
realization of behavioral patterns.
4.4. Approaches to Studying Psychostimulant-Induced Behavior

Response to novelty is very complex, and it reflects a desire to explore novelty, novelty-related anxiety, and,
regarding the time-dependent profile of the activity, adaptability to the specific environment [177]. Exploration of
novel environments enhances brain plasticity and promotes learning [178]. Novelty co-activates the hippocampus
[179] and the substantia nigra/ventral tegmental area (SN/VTA) dopaminergic circuits; through a back-projection to
the hippocampus dopamine enhances hippocampal synaptic plasticity for novel events and has a motivationally
energizing effect, i.e., improves motivation through striatal mechanisms (reward processing and representation in the
striatum [180-182]). Thus, although it may sound like easy/incidental, the dynamic of psychomotor response to novel
environment should not be underestimated, especially considering subjects with already existing complex changes in

dopaminergic reward circuits due to repeated psychostimulant usage (mentioned in 3.3.). New findings indicate that
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psychomotor activity observation may serve as a potential objective tool capable of monitoring the course of affective
states in everyday life [183].

In neurologically intact rats, which represent the biomedical species of choice for testing drug efficacy,
dosage and toxicology for preclinical research having enhanced cognitive abilities and a rich social repertoire paired
with neural complexity [184], the locomotor and vertical activities reflect exploratory activity and are also used as an
index of psychomotor activation after exposure to low doses of psychostimulant drugs [185]. Rearing or vertical
activity is a useful marker of environmental novelty and one of several ethological measures that can be used to assess
information-gathering (and escape) behavior [186]. Stereotypy is typically defined as abnormal, repetitive, and
purposeless motor behavior using either frequency-of-occurrence tables, derived from behavioral checklists, or
interruption of photo beams in a test chamber [187]. The elevated plus maze (EPM) test represents one of the most
widely used tests for the study of anxiety-related (approach-avoidance) behavior in rodents and has been recently
introduced as the first ecologically valid assay to track actual human approach-avoidance behavior under laboratory
conditions [188]. In this test, anxiety is typically measured by indices of open-arm avoidance and general locomotor
activity by the frequency of closed-arm entries [189]. In addition to classical parameters measured in the EPM, there
are ethological measures (with the accent on stretched-attend postures that reflect approach-avoidance conflict), which
permit comprehensive reporting of animal behavior in the maze, thereby proving valuable facts about anxiolytic or
anxiogenic action of specific pharmacological treatments. Thus, changes in parameters of motor and approach-
avoidance behavior in rodents tested in particular behavioral paradigms could give essential data about the subjective
experience of the testing environment, as well as about existing drug-induced changes in the subjective perception of
enhancement, threat, and risk. For example, considering that both drug-induced locomotor sensitization and reactivity
to novelty in rodents have been related to drug-craving mechanisms in humans, it has been shown that a complex and
plastic interaction between the anxiogenic and motivational properties of both novelty and AMPH can modify the
behavioral expression of craving-related mechanisms [190].

Psychostimulant-induced behavioral sensitization can lead to supersensitivity and upregulation of DI
receptors in the nucleus accumbens, and substantia nigra pars reticulata after an abstinence period of 24 h to a few
weeks [191-193]. Adenosine Al receptors modulate the release of various neurotransmitters such as dopamine,
glutamate, GABA, and acetylcholine [122]. Nevertheless, the release of dopamine and glutamate in the striatum is
under the inhibitory control of Al receptors, and in particular, this endogenous A1l receptor-mediated tonic inhibition

can be observed in the ventral striatum (nucleus accumbens) [194, 195]. The blockade of this tonic inhibition leads to
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increased dopamine and glutamate release, while stimulation decreases the level of these neurotransmitters in the
striatum [195]. At first glance, it was suggested that Al receptor-mediated inhibition of dopamine release in the
striatum is secondary, i.e., glutamate-dependent, but it was proven that it is also glutamate-independent [195]. It likely
depends on the activation of dopamine D1 receptors [196]. Importantly, it has been shown that the selective activation
of central Al adenosine receptors induces anxiolytic-like behavior, while the activation of A2 sites causes locomotor
depression and reduces the effects of Al receptor activation [197]. As Al receptors are widely distributed throughout
the CNS, including presynaptic terminals where they mediate a potent inhibition of the release of a variety of
neurotransmitters (glutamate, acetylcholine, 5-hydroxytryptamine) and some peptides, it has been proposed that an
inhibition of release of these endogenous agonists is responsible for Al receptor-mediated anxiolysis, raising the
possibility of developing CNS selective purine receptor agonists as novel anxiolytic drugs [197].

Exposure to novelty activates, at least in part, the same neuronal substrate that mediates the rewarding effects
of drugs of abuse [198, 199]. Novelty-induced motor activity strongly depends on excitatory glutamatergic inputs to
the VTA and consequential elevation of mesolimbic dopaminergic transmission. It has been documented that
stimulation of Al receptor activity in the VTA negatively influenced motor activation [200]. It has also been shown,
using an open field test, that novelty-induced locomotor activity is blocked by microinjection of dopamine antagonists
directly into the nucleus accumbens [201]. At this point, Al receptor desensitization as a consequence of repeated or
chronic exposure to agonist [202, 203] should not be forgotten. It can significantly affect the outcome of the treatment,
i.e., chronic therapy with Al agents can result in the effects that are opposed to those observed following their acute
administration [204-206].

5. RIBAVIRIN: AN ADENOSINE AGONIST WITH STILL ELUSIVE MECHANISM(S) OF ACTION

Ribavirin (1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxamide; CgH;,N4Os) was first discovered and
developed in 1970 by chemists Joseph T. Witkowski and Roland K. Robins from the International Chemical and
Nuclear Corporation (ICN) [207] and approved for medical use in 1985. It is a synthetic nucleoside analog with a
broad-spectrum antiviral activity against different human and animal viruses including HCV, respiratory syncytial
virus (RSV), viral hemorrhagic fever (VHF), influenza, bornavirus, measles, adenovirus, subacute sclerosing
panencephalitis (SSPE), human immunodeficiency virus (HIV), efc. [3-13]. Ribavirin has also been reported to
possess antiparasitic activity by affecting the metabolism of Trypanosoma sp., Plasmodium sp., efc. [208, 209]. The
beginning of the 21* century marked a shift in interest from the study of antiviral activity of ribavirin to its application

in fundamental and clinical neuroscience. These studies are focused on deciphering how ribavirin affects the adaptive
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functioning of the dysregulated neurons, astrocytes, and microglia. Accordingly, the research related to the CNS virus
infections [7], traumatic brain injury [210], experimental autoimmune encephalomyelitis [211, 212] and AMPH-
induced locomotor and stereotypic activities [19-21] is one of the most prominent attempts to elucidate the potential
therapeutic use of ribavirin in treating of CNS disorders. Moreover, some studies suggest that ribavirin may be used as
an antitumor drug because of observed dose-dependent and cell line-dependent inhibition of cancer cell growth [213].
So far, antitumor potential of ribavirin alone or in combination with interferon alfa has been explored through several
research and clinical trials, in multiple cancers including acute myeloid leukemia, oropharyngeal squamous cell
carcinoma, metastatic breast cancer, glioblastoma, human renal carcinoma, pediatric osteosarcoma, etc. [214-218].
5.1. Mechanism(s) of Ribavirin Action

Ribavirin is a prodrug that, after the administration, undergoes successive intracellular phosphorylation to
monophosphate, diphosphate, and triphosphate anabolites [219]. The exact mechanism by which ribavirin exerts its
antiviral activity is unclear and still under intensive research. In general, it may differ depending on the cell and tissue
type, as well as in vitro and in vivo experimental conditions. Beaucourt and Vignuzzi [11] nicely summarized the
current knowledge of molecular and cellular mechanisms of ribavirin antiviral action. Accordingly, (1) the inhibition
of inosine monophosphate dehydrogenase (IMPDH) by ribavirin-5'-monophosphate and (2) immunomodulatory
effects on antiviral cellular responses (enhancing the T-helper type 1 over type 2 responses or upregulating the
interferon-stimulated response element) are two main indirect ways of fighting off viral infections by ribavirin. The
direct mechanisms include (1) the inhibition of the viral RNA-dependent RNA polymerase (RdRp) through direct
interaction with ribavirin-5'-triphosphate; (2) interference with RNA capping activity, and (3) increase of viral
mutation rates through the misincorporation of ribavirin into the genome. Identification of a growing number of
ribavirin-resistant and sensitive viruses implies the specific mechanisms of its action against different virus infections.
Ribavirin is a multi-target drug that greatly contributes to its antiviral effectiveness. In addition to the commonly
adopted inhibition of viral replication, it also affects viral genome. The mutagenic activity of ribavirin may induce
erroneous viral replication causing inhibition of virus growth or enhance selection and survival of mutant viruses that
may lead to the inefficacy of ribavirin treatment [220]. Therefore, via immunomodulation, depletion of guanozine-5'-
trifosfat (GTP) pools, modulation of interferon-stimulated gene expression, interference with viral methyltransferase
activity, direct inhibition of the viral polymerase, and inhibition of eukaryotic initiation factor 4E interfering with cap-
dependent translation, ribavirin can lead to lethal mutagenesis with potentially favorable but also unfavorable

therapeutic consequences [220-222].
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The antiparasitic activity of ribavirin probably involves the inhibition of time-dependent inactivation of the
human S-adenosyl-L-homocysteine hydrolase (Hs-SAHH) and Trypanosoma cruzi S-adenosyl-L-homocysteine
hydrolase (Tc-SAHH), enzymes that catalyze the conversion of S-adenosyl-L-homocysteine to adenosine and
homocysteine [208]. Because of structural similarity to adenosine, ribavirin binds to the adenosine-binding site of the
two SAHHs and reduces the NAD" cofactor to NADH [208].

As a nucleoside analogue, ribavirin shows a moderate affinity for adenosine Al receptors [223]. These
receptors are expressed throughout the body, particularly in the brain, and their stimulation through Gi/o proteins leads
to inhibition of adenylyl cyclase, reduction of Ca®" entry, and activation of phospholipase C and K" channels [122,
149, 150]. Thus, many physiologically- and clinically-relevant effects of ribavirin on different aspects of animal and
human physiology, such as nociception, neuroinflammation, and behavior [20, 210, 212, 224], are probably the result
of A1 receptors activation in different regions of the brain.

5.2. A Story of Ribavirin Dosage and Route of Administration

Ever since ribavirin was introduced as an antiviral drug, the search for optimal doses, route of administration,
combination with other medications, side effects, the emergence of ribavirin resistant variants of viruses, the role of
transmembrane transporters and carriers in its uptake, occupies an essential place in clinical pharmacology of ribavirin
[8, 11, 225-228]. The dosage and route of administration of this drug are specific for certain types of viruses, the
severity of infection, and also depending on the viral genotype [3, 4, 10, 225, 229-231].

Ribavirin is quite often combined and used with other antiviral drugs. For instance, ribavirin monotherapy is
not efficacious against chronic HCV, and it usually requires a combination with interferon [10, 225, 232]. The doses
of ribavirin and its successful combination with interferon are highly depended on the HCV genotype. It has been
shown that HCV genotype 2- and 3-infected patients require 24 weeks of treatment and a low dose of ribavirin, i.e.,
800 mg daily, while HCV genotype 1-, 4-, 5-, and 6-infected patients require 48 weeks of treatment and a higher, body
weight-based dose of ribavirin, i.e., 1000-1400 mg daily [232]. In patients who can tolerate ribavirin without
significant side effects, cumulative ribavirin exposure and its optimal concentrations are essential for the success of
therapy [10]. Therefore, the optimization of ribavirin dose and duration of treatment ensure the highest chance for a
durable response to the therapy. In contrast to HCV infection, lower doses of ribavirin, alone or combined with other
drugs, are required to treat Chikungunya virus infection. It has been reported that the oral doses of ribavirin (400 mg

daily for 7 days) have a direct antiviral effect against Chikungunya arthritis caused by a viral infection [229].
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The treatment of HCV based on the combined use of ribavirin and pegylated interferon, such as pegylated
interferon alfa-2a and pegylated interferon alfa-2b, which has been validated in large-scale studies and clinical
practice, may remain an essential element of therapy [10, 221, 225, 232]. Even more so, triple therapy consisting of
DAA plus pegylated interferon/ribavirin is quite effective in treating difficult-to-cure patients infected with HCV
genotype 3 or with resistance-associated variants [233]. Three classes DAAs with a significant number of developed
drugs such as HCV NS3 protease inhibitor telaprevir or boceprevir are now used solely or combined with ribavirin
and pegylated interferon in treatment of HCV infections [221, 233, 234]. The combinations of different DAAs could
be the holy grail of HCV therapy, as some researchers suggest that they have the potential to cure HCV infection
completely [221]. Ribavirin and interferon alfa may also exert strong synergistic antiviral effect against Chikungunya
virus infection [235, 236]. In vitro studies on Chikungunya virus-infected human cell lines (Vero, HUH-7, and A549
cells) demonstrated cell-line sensitivity to ribavirin, interferon alfa, and favipiravir drugs. While ribavirin was
effective in the fight against Chikungunya virus-infected HUH-7 cells, the treatment with interferon alfa and
favipiravir has led to substantial reductions in viral burden in clinically achievable concentrations in A549 and Vero
lines [237]. Some recent studies reported that antibiotic doxycycline and mefenamic acid, a non-steroidal anti-
inflammatory drug, when combined with ribavirin, alleviate Chikungunya infection symptoms [238, 239].

In animals and humans, ribavirin is given orally, nasally, intravenously, intraventricularly, and
intraperitoneally [9, 19-21, 229, 240-242]. Ribavirin, as an aerosol, was the first specific therapy available for RSV
infections [240]. Aerosolized ribavirin is very costly, teratogenic, and inconvenient [12]. Instead of using nasal aerosol
treatment of RSV, clinicians today are looking toward the promising oral use of ribavirin even in
immunocompromised patients. Therefore, it seems that oral ribavirin (600-800 mg twice daily with or without
intravenous immunoglobulin) is a well-tolerated treatment for RSV infection in moderately to severely
immunocompromised patients [12]. Although some studies did not reach any consensus regarding the effective use of
oral versus inhaled ribavirin [243], still oral ribavirin appears to be a safe and cost-effective alternative to aerosolized
ribavirin for the treatment of RSV infection in immunocompromised patients [244]. Unlike oral and aerosol
formulations, the intravenous administration of ribavirin does not have US FDA approval [245]. There are exceptions
to these regulations as intravenous ribavirin can, however, be authorized for use as a result of an Emergency
Investigational New Drug (EIND) application for patients with acute viral infections, including rare infections for

which no alternative treatment is available. So, the oral intake is the main route of administration of ribavirin in case
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of VHF [246, 247], but there are case reports that the intravenous ribavirin was effective in a few patients with
Bolivian hemorrhagic fever [248].
5.3. Side Effects of Ribavirin Therapy

Adequate exposure to ribavirin seems crucial for achieving the best virological response. However, long-term
treatment with the combination of interferon and ribavirin aside from systemic side effects such as anemia and body
weight loss [16, 232] is associated with pronounced neuropsychiatric problems including fatigue, mood disorders,
anxiety, irritability, emotional ability, and agitation [228, 249, 250]. The exact contribution of each component of
combined therapy to the mentioned side effects has not been elucidated, but there is a view that they are mainly related
to interferon-alpha [14, 251-255].

Ribavirin mainly shows toxicity at a relatively low concentration (250 to 400 pg/g) [5]. Furthermore, SSPE
was treated safely and effectively with a high dose of intravenous ribavirin combined with intraventricular interferon
[241], and by intraventricular administration of ribavirin [9]. Tomoda et al. [241] reported that high doses and long-
term ribavirin treatment improved the neurologic states of patients, but neurologic deterioration was observed a few
months after the high-dose intravenous ribavirin therapy was stopped. Because of systemic toxicity, these authors
reported that they could not proceed with further intravenous treatment. So as part of their later study or better say
clinical intervention, Hosoya et al. [9] administered ribavirin intraventricularly and observed a less pronounced
neurologic and systemic side effects of ribavirin treatment in these patients.

Some of the side effects of ribavirin could be avoided by its structural modification. It has been shown that
the /-enantiomer of ribavirin (ICN 17261) shows reduced toxicity but antiviral efficacy compared to d-nucleoside
ribavirin [256]. The other option is ribavirin dose modification or dose adjustment. However, the critical question is
how to modify the dose of ribavirin in such a way that the effectiveness of the therapy is not compromised while the
side effects are reduced. One way to counter anemia symptoms and to avoid ribavirin dose reduction is to tilt the
hormonal balance toward the production of red blood cells. Indeed, some studies have proved that erythropoietin can
improve hemoglobin values and maintain ribavirin dosage levels [257, 258]. In addition, absence of side effects and
improvement of patients' quality of life without ribavirin dosage reduction could be achieved by using hematopoietic
growth factors such as epoetin alfa and darbepoetin alfa [259].

5.4. Ribavirin and the Brain
In the treatment of brain and non-brain viral infections, a particular challenge is how to distribute ribavirin to

the brain effectively, given the difficulties of its transporting through the cell membranes and blood-brain barrier
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[226]. Indeed, the in vivo efficacy of ribavirin towards the cerebral viral load seems to be limited by the selective
permeability of the blood-brain barrier [230]. Ribavirin uptake is restricted primarily by concentrative nucleotide
transporters (CNTs) and equilibrative nucleotide transporters 1 and 2 (ENT1 and ENT2) in various cell lines [226,
260]. ENT1 protein expression is the highest in structures such as the adrenal gland, ovary, stomach, small intestine,
and colon, while ENT2 protein expression is the highest in neurological tissues, heart muscle, pancreas, etc. [261]. A
significant difference between these ENTs and CNTs is their sodium dependence [262]. While CNTs are characterized
as sodium-dependent with high affinity for nucleosides, thus far, the lower affinity ENTs facilitate bidirectional,
sodium-independent transport of nucleosides [261, 262].

Ribavirin, as other antiviral drugs, often shows dramatic difficulties in entering the brain compartments from
the bloodstream. The main reason for this long-lasting problem of antiviral pharmacology is that ribavirin and other
antiviral drugs are substrates for active efflux transporters (AETs) located in the physiological barriers between blood
and the CNS and in macrophage membranes, which actively efflux them into the bloodstream [263]. The attempts to
counter this problem are extensively studied. One way is to apply AETSs inhibitors, but the co-administration of AETs
with antiviral drugs leads to severe side effects [263]. The other way to solve this problem is by using potent drug
carriers and innovative technological formulations such as thermoreversible gels, polymeric micro- and nano-particles,
solid lipid microparticles, nanoemulsions, absorption enhancers (chitosan, papaverine), and mucoadhesive agents
(chitosan, polyvinylpyrrolidone) [263]. For example, Jeulin et al. [264] demonstrated that whatever the tested dose
(intraperitoneal 40 or 100 mg/kg), the amount of ribavirin in the brain was significantly higher when the drug was
injected as a complex with alpha-cyclodextrin, in healthy or measles virus-infected mice.

Despite the difficulties of ribavirin transport through the blood-brain barrier, there is evidence that it still
enters the brain. Ribavirin was detected in different brain regions including cerebellum, olfactory bulb, cerebral
cortex, basal ganglia, and hippocampus 20 min after intravenous or nasal application at a dose of 10 mg/kg [230], and
reached the maximum concentration in the brain at 8 h after a single intramuscular injection of the same dose [265].
The brain bioavailability of ribavirin largely depends on its excretion from the body. It has been shown that 82% of
intramuscularly administered ribavirin at a dose of 10 mg/kg was excreted in the urine of rats within 24 h [265], while
the total radioactivity in the urine of rats treated intravenously with ['*C] ribavirin at a dose of 30 mg/kg encompassed

84% of the initial dose [266].
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6. POTENTIAL EFFECTIVENESS OF RIBAVIRIN AS AN Al AGONIST IN PSYCHOMOTOR-USE
DISORDER

Many Al receptor-mediated effects, observed to a lesser extent or absent under physiological conditions, are
markedly increased during pathological conditions, and in that context, neuroprotective [20, 118, 267-269]. The
specificities in the distribution of Al receptors and their role in maintaining homeostasis and preventing overactivation
in the brain could explain this observation. These receptors are widely expressed pre- and postsynaptically throughout
the brain [147, 148], and are involved in the reduction of neurotransmitter release and the modulation of synaptic
transmission [122]. The inhibitory effect of adenosine mediated by Al receptors is the most prominent on excitatory
synaptic transmission (glutamatergic) that is very often completely blocked, while it is less frequent on inhibitory
synaptic transmission (GABAergic) [118, 270, 271]. By differentially affecting the excitatory and inhibitory synaptic
transmission, adenosine changes the excitation-inhibition balance and causes an overall shift to lower excitability in
different brain regions [270, 271]. Also, it has been shown that Al receptors interact antagonistically with DI
receptors [171, 272-274]. This finding imposes the need for examining the influence of Al receptors activation on
dopamine-mediated processes in the brain and offers a reasonable basis for designing new substances for the treatment
of diseases associated with disturbed dopaminergic neurotransmission. Even though targeting adenosine in some
pathological states appears attractive and rational, the fact that the same receptors play essential roles in normal or
extreme physiology provides a cautionary note [120]. Also, a problem that may arise from the therapeutic use of Al
agonists, especially in the case of chronic dosing, is receptor desensitization, which can progressively reduce the
effectiveness of treatment with repeated substance administration [202, 203].

Studies dealing with the effects of ribavirin as an A1 agonist on dopaminergic neurotransmission in the brain
are scarce. So, it has been shown that ribavirin applied intraperitoneally (i.p.) at doses of 10, 20 or 30 mg/kg did not
significantly affect either basal locomotor or stereotypic activities, while pretreatment with doses of 20 and 30 mg/kg
significantly decreased only AMPH (1.5 mg/kg, i.p.) — induced hyperlocomotor response [20]. Obtained results
revealed the ability of ribavirin to pass the blood-brain barrier, enter the brain, and modify synaptic transmission,
especially in conditions when it is disrupted. The existence of regional differences in sensitivity to ribavirin was
attributed to its unequal distribution, heterogeneous expression of Al receptors, and/or differences in the intensity of
A1-DI receptor-receptor interaction in subregions of the basal ganglia. In our recent work (in drug-naive rats), it has
been shown that 7-day ribavirin treatment (10 and 30 mg/kg/day, i.p.), in addition to a decrease in novelty-induced

motor activity, also produced a significant reduction in body weight gain in treated animals compared to controls [21].
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We explained these findings by the ability of 7-day ribavirin treatment to provoke peculiar changes in the regulation
of midbrain dopaminergic system activity, thus influencing/diminishing physiological (novelty-induced motor activity
and food-directed behavior) responses that depend on it. Briefly, the regulated release of dopamine is essential for
sustained feeding [275], and consumption of food is related to dopamine transmission in several regions of the
striatum (in the caudate putamen for response to the caloric value of food and regular feeding, in the nucleus
accumbens for the rewarding aspect of feeding) [276]. The Al receptors, which antagonistically modulate the activity
of dopamine D1 receptors [171, 272-274], are highly abundant in the mesolimbic system of the brain, especially in the
ventral striatum and nucleus accumbens [277] and their overactivity produces hypophagia [278]. Given the affinity of
ribavirin for Al receptors [223], the physiological/neurobiological consequences of prolonged ribavirin administration
could largely depend on previous drug exposure.

In the material discussed above, we considered some aspects of ribavirin action and its potential application
in conditions of disturbed dopaminergic neurotransmission, but we are still faced with many questions about the
benefits and side effects of its treatment. One of the challenging domains is the detection of ribavirin in the brain
tissue. Although several methods have been described for ribavirin determination in plasma [279, 280], its detection in
the brain seems to be more complicated. Free ribavirin concentration in mice brain was measured by Jeulin et al.
[264], but recently a specific method for ribavirin determination in brain tissues by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) has been developed and deemed satisfactory in terms of selectivity, sensitivity, and
accuracy [281]. Overall, these findings indicate that the combined work of scientists from different disciplines is
essential to fully define the correlation between physiological consequences of ribavirin usage and actual drug
concentration at the time of testing. Implementation of the model by age, gender, and the baseline features of
metabolic activities of the examined model systems should be considered as well.

7. CONCLUSION AND FUTURE PERSPECTIVES

This multifaceted review tried to accentuate complex neurochemical/neurobiological changes that may
appear in the drug-addicted brain per se and after the usage of ribavirin, a nucleoside analogue with a moderate
affinity for adenosine A1 receptors. Ribavirin has been used as an antiviral agent for several decades, continuing to be
a critical antiviral agent in treating HCV for which substance abusers are at higher risk. Numerous patients who start
antiviral therapy for HCV do not perform it through the entire course of treatment because of the side effects that are
not insignificant. Moreover, these side effects are still mostly unexplored on account of already existing changes in the

brain due to previous drug usage. Specific neurobehavioral states related to psychostimulant misuse in patients with
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HCV infection may complicate acceptance and reaction to the antiviral treatment. This issue is, overall, highly
delicate. It should be mentioned that throughout contemporary history it has been suggested that antiviral therapy for
HCYV should not be conducted in those with recent and current drug usage, although people who inject drugs represent
a key HCV-affected population, which was excellently summarized by Grebely et al. [282] who strongly
recommended that there is no good ethical or health-based evidence for such discriminations.

The conceptualization of addiction as a brain disease reflects in part findings from brain imaging studies and
preclinical research that have identified the brain circuits that are disrupted by the drugs. It should be noted that the
treatment of psychostimulant addiction remains a significant problem worldwide and a big challenge because there are
no corresponding forms of pharmacological interventions that have met criteria for regulatory approval or generally
accepted use [283]. Recovery in psychostimulant drug-dependent individuals is particularly challenging because
psychostimulant drugs induce significant changes in brain regions associated with learning/memory, decision making,
impulsivity, motivation, and impaired control of behavioral output [284]. As it has already been accentuated [27],
integrated care is fundamental for the treatment of infectious (communicable) diseases such as HCV and parallel
treatment of the substance use disorder as well.

Facts presented in this manuscript suggest that different psychomotor and neurobehavioral reactions to
ribavirin could be expected in drug-naive and psychostimulant drug-dependent individuals, but this presumption needs
additional examination and experimental confirmation with respect to a particular drug, as there are fundamental
differences in mechanisms of action among psychomotor stimulant drugs (i.e., [285]) and the important role of dose in
determining psychostimulant action [75]. We have tried to accentuate this important topic in our recent research article
devoted to psychomotor and physiological response to low ribavirin doses in a rodent model, emphasizing the role of
the treatment duration [21, 232]. Our previous research also indicates that low doses of ribavirin can modulate
behavioral response induced by AMPH [19-21] implying its possible application in counteracting psychostimulant-
induced effects. The view that the potential adenosine Al receptor agonists could be used as an effective strategy to
counteract psychostimulant-induced effects has also been posted by others [128]. Once again, although ribavirin has
not been primarily assessed as a neuroactive drug, and we do not know its specific mechanism(s) of action, the
behavioral changes in particular experimental settings confirm that this drug affects the brain. Thus, more effective
promotion of mental health problems related to the central effects of antiviral drugs/ribavirin usage is needed among
neurobiologists to encourage basic studies that will work on this question of clinical relevance.

Conflict of Interest

28



The authors report no conflicts of interest.
Acknowledgments
This study was supported by the Ministry of Education, Science, and Technological Development of the Republic of

Serbia (Grants No. 173027 and 173056).

29



References

(1]

(3]

(4]

(6]

(7]

(8]

(9]

[10]

Verma U, Sharma R, Gupta P, Kapoor B, Bano G, Sawhney V. New uses for old drugs: Novel therapeutic
options. Indian J Pharmacol 2005; 37: 279-87.

Xue H, LiJ, Xie H, Wang Y. Review of drug repositioning approaches and resources. Int J Biol Sci 2018; 14:
1232-44.

Huggins JW. Prospects for treatment of viral hemorrhagic fevers with ribavirin, a broad-spectrum antiviral
drug. Rev Infect Dis 1989; 11 Suppl 4: S750-61.

Gilbert BE, Wyde PR, Wilson SZ, Robins RK. Aerosol and intraperitoneal administration of ribavirin and
ribavirin triacetate: pharmacokinetics and protection of mice against intracerebral infection with influenza
A/WSN virus. Antimicrob Agents Chemother 1991; 35: 1448-53.

Ishii T, Hosoya M, Mori S, Shigeta S, Suzuki H. Effective ribavirin concentration in hamster brains for
antiviral chemotherapy for subacute sclerosing panencephalitis. Antimicrob Agents Chemother 1996; 40:
241-3.

MclJunkin JE, Khan R, de los Reyes EC, Parsons DL, Minnich LL, Ashley RG, Tsai TF. Treatment of severe
La Crosse encephalitis with intravenous ribavirin following diagnosis by brain biopsy. Pediatrics 1997; 99:
261-7.

Solbrig MV, Schlaberg R, Briese T, Horscroft N, Lipkin WI. Neuroprotection and reduced proliferation of
microglia in ribavirin-treated bornavirus-infected rats. Antimicrob Agents Chemother 2002; 46: 2287-91.
Borroto-Esoda K, Myrick F, Feng J, Jeffrey J, Furman P. In vitro combination of amdoxovir and the inosine
monophosphate dehydrogenase inhibitors mycophenolic acid and ribavirin demonstrates potent activity
against wild-type and drug-resistant variants of human immunodeficiency virus type 1. Antimicrob Agents
Chemother 2004; 48: 4387-94.

Hosoya M, Mori S, Tomoda A, Mori K, Sawaishi Y, Kimura H, Shigeta S, Suzuki H. Pharmacokinetics and
effects of ribavirin following intraventricular administration for treatment of subacute sclerosing
panencephalitis. Antimicrob Agents Chemother 2004; 48: 4631-5.

Abenavoli L, Mazza M, Almasio PL. The optimal dose of ribavirin for chronic hepatitis C: From literature
evidence to clinical practice: The optimal dose of ribavirin for chronic hepatitis C. Hepat Mon 2011; 11: 240-

6.

30



[11]

[13]

[14]

[15]

[16]

[17]

[19]

[20]

Beaucourt S, Vignuzzi M. Ribavirin: a drug active against many viruses with multiple effects on virus
replication and propagation. Molecular basis of ribavirin resistance. Curr Opin Virol 2014; 8: 10-5.

Marcelin JR, Wilson JW, Razonable RR, Mayo Clinic HO, Transplant Infectious Diseases S. Oral ribavirin
therapy for respiratory syncytial virus infections in moderately to severely immunocompromised patients.
Transpl Infect Dis 2014; 16: 242-50.

Zajac M, Muszalska I, Sobczak A, Dadej A, Tomczak S, Jelinska A. Hepatitis C - New drugs and treatment
prospects. Eur J] Med Chem 2019; 165: 225-49.

Malaguarnera M, Laurino A, Di Fazio I, Pistone G, Castorina M, Guccione N, Rampello L. Neuropsychiatric
effects and type of IFN-alpha in chronic hepatitis C. J Interferon Cytokine Res 2001; 21: 273-8.

de Knegt RJ, Bezemer G, Van Gool AR, Drenth JP, Hansen BE, Droogleever Fortuyn HA, Weegink CJ,
Hengeveld MW, Janssen HL. Randomised clinical trial: escitalopram for the prevention of psychiatric
adverse events during treatment with peginterferon-alfa-2a and ribavirin for chronic hepatitis C. Aliment
Pharmacol Ther 2011; 34: 1306-17.

Fioravante M, Alegre SM, Marin DM, Lorena SL, Pereira TS, Soares EC. Weight loss and resting energy
expenditure in patients with chronic hepatitis C before and during standard treatment. Nutrition 2012; 28:
630-4.

Cattie JE, Letendre SL, Woods SP, Barakat F, Perry W, Cherner M, Umlauf A, Franklin D, Heaton RK,
Hassanein T, Grant I, Translational Methamphetamine ARCG. Persistent neurocognitive decline in a clinic
sample of hepatitis C virus-infected persons receiving interferon and ribavirin treatment. J Neurovirol 2014;
20: 561-70.

Mahajan S, Avasthi A, Grover S, Chawla YK. Role of baseline depressive symptoms in the development of
depressive episode in patients receiving antiviral therapy for hepatitis C infection. J Psychosom Res 2014;
77:109-15.

Jana¢ B, Pesi¢ V, Pekovi¢ S, Raki¢ L, Stojiljkovi¢ M. Different effects of adenosine Al agonist ribavirin on
amphetamine-induced total locomotor and stereotypic activities in rats. Ann N 'Y Acad Sci 2005; 1048: 396-
9.

Jana¢ B, Pesi¢ V, Pekovi¢ S, Raki¢ L, Stojiljkovi¢ M. The time-course of ribavirin-provoked changes of

basal and AMPH-induced motor activities in rats. Exp Brain Res 2005; 165: 402-6.

31



(21]

(23]

[24]

[25]

[26]

[27]

(28]

[30]

Petkovi¢ B, Stojadinovi¢ G, Kesi¢ S, Risti¢ S, Marta¢ L, Podgorac J, Pesi¢ V. Psychomotor activity and body
weight gain after exposure to low ribavirin doses in rats: Role of treatment duration. Arch Biol Sci 2019; 71:
357-68.

WHO. Global status report on noncommunicable diseases 2014. Geneva: World Health Organization 2014.
Available from: (https://www.who.int/nmh/publications/ncd-status-report-2014/en/).

Parry CD, Patra J, Rehm J. Alcohol consumption and non-communicable diseases: epidemiology and policy
implications. Addiction 2011; 106: 1718-24.

Glantz S, Gonzalez M. Effective tobacco control is key to rapid progress in reduction of non-communicable
diseases. Lancet 2012; 379: 1269-71.

Lee IM, Shiroma EJ, Lobelo F, Puska P, Blair SN, Katzmarzyk PT, Lancet Physical Activity Series Working
G. Effect of physical inactivity on major non-communicable diseases worldwide: an analysis of burden of
disease and life expectancy. Lancet 2012; 380: 219-29.

Hyseni L, Atkinson M, Bromley H, Orton L, Lloyd-Williams F, McGill R, Capewell S. The effects of policy
actions to improve population dietary patterns and prevent diet-related non-communicable diseases: scoping
review. Eur J Clin Nutr 2017; 71: 694-711.

Lopez AD, Williams TN, Levin A, Tonelli M, Singh JA, Burney PG, Rehm J, Volkow ND, Koob G, Ferri
CP. Remembering the forgotten non-communicable diseases. BMC Med 2014; 12: 200.

Wang PS, Aguilar-Gaxiola S, Alonso J, Angermeyer MC, Borges G, Bromet EJ, Bruffaerts R, de Girolamo
G, de Graaf R, Gureje O, Haro JM, Karam EG, Kessler RC, Kovess V, Lane MC, Lee S, Levinson D, Ono Y,
Petukhova M, Posada-Villa J, Seedat S, Wells JE. Use of mental health services for anxiety, mood, and
substance disorders in 17 countries in the WHO world mental health surveys. Lancet 2007; 370: 841-50.
Rehm J, Shield KD, Gmel G, Rehm MX, Frick U. Modeling the impact of alcohol dependence on mortality
burden and the effect of available treatment interventions in the European Union. Eur Neuropsychopharmacol
2013; 23: 89-97.

Evans-Lacko S, Aguilar-Gaxiola S, Al-Hamzawi A, Alonso J, Benjet C, Bruffaerts R, Chiu WT, Florescu S,
de Girolamo G, Gureje O, Haro JM, He Y, Hu C, Karam EG, Kawakami N, Lee S, Lund C, Kovess-Masfety
V, Levinson D, Navarro-Mateu F, Pennell BE, Sampson NA, Scott KM, Tachimori H, Ten Have M, Viana

MC, Williams DR, Wojtyniak BJ, Zarkov Z, Kessler RC, Chatterji S, Thornicroft G. Socio-economic

32



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[40]

[41]

[42]

[43]

[44]

[45]

variations in the mental health treatment gap for people with anxiety, mood, and substance use disorders:
results from the WHO World Mental Health (WMH) surveys. Psychol Med 2018; 48: 1560-71.

McLellan AT. Substance misuse and substance use disorders: Why do they matter in healthcare? Trans Am
Clin Climatol Assoc 2017; 128: 112-30.

Koob GF, Sanna PP, Bloom FE. Neuroscience of addiction. Neuron 1998; 21: 467-76.

Koob GF. The neurobiology of addiction: a neuroadaptational view relevant for diagnosis. Addiction 2006;
101 Suppl 1: 23-30.

Torregrossa MM, Kalivas PW. Microdialysis and the neurochemistry of addiction. Pharmacol Biochem
Behav 2008; 90: 261-72.

Gould TJ. Addiction and cognition. Addict Sci Clin Pract 2010; 5: 4-14.

Gardner EL. Addiction and brain reward and antireward pathways. Adv Psychosom Med 2011; 30: 22-60.
McLellan AT, Lewis DC, O'Brien CP, Kleber HD. Drug dependence, a chronic medical illness: implications
for treatment, insurance, and outcomes evaluation. JAMA 2000; 284: 1689-95.

Koelega HS. Stimulant drugs and vigilance performance: a review. Psychopharmacology (Berl) 1993; 111: 1-
16.

Khantzian EJ. The self-medication hypothesis of addictive disorders: focus on heroin and cocaine
dependence. Am J Psychiatry 1985; 142: 1259-64.

Schiffer F. Psychotherapy of nine successfully treated cocaine abusers: techniques and dynamics. J Subst
Abuse Treat 1988; 5: 131-7.

WHO. Technical briefs on amphetamine-type stimulants (ATS). Patterns and consequences of the use of
amphetamine-type stimulants (ATS). Geneva: World Health Organization 2011. Available from:

(https://www.who.int/hiv/pub/idu/ats_tech_brief/en/).

UNODC. World drug report 2012. Vienna: United Nations Office on Drugs and Crimes 2012. Available

from: (https://www.unodc.org/unodc/en/data-and-analysis/ WDR-2012.html).

Clement BA, Goff CM, Forbes TDA. Toxic amines and alkaloids from Acacia berlandieri. Phytochemistry
1997; 46: 249-54.

Clement BA, Goff CM, Forbes TDA. Toxic amines and alkaloids from Acacia rigidula. Phytochemistry
1998; 49: 1377-80.

Rasmussen N. On speed: The many lives of amphetamine. New York: New York University Press 2008.

33



[49]

[50]

[51]

[52]

[53]

[54]

[56]

[59]

[60]

[61]

[62]

Piness G, Miller H, Alles G. Clinical observations on phenylaminoethanol sulphate. JAMA 1930; 94: 790-91.
AMA Council on Pharmacy and Chemistry. Benzedrine. JAMA 1933; 101: 1315.

Rasmussen N. America's first amphetamine epidemic 1929-1971: a quantitative and qualitative retrospective
with implications for the present. Am J Public Health 2008; 98: 974-85.

Bradley C. The behavior of children receiving benzedrine. Am J Psychiatry 1937; 94: 577-85.

Rasmussen N. Medical science and the military: the Allies' use of amphetamine during World War II. J
Interdiscip Hist 2011; 42: 205-33.

Heal DJ, Smith SL, Gosden J, Nutt DJ. Amphetamine, past and present--a pharmacological and clinical
perspective. J Psychopharmacol 2013; 27: 479-96.

Yokel RA, Pickens R. Self-administration of optical isomers of amphetamine and methylamphetamine by
rats. J Pharmacol Exp Ther 1973; 187: 27-33.

Van Kammen DP, Murphy DL. Attenuation of the euphoriant and activating effects of d- and l-amphetamine
by lithium carbonate treatment. Psychopharmacologia 1975; 44: 215-24.

Berman SM, Kuczenski R, McCracken JT, London ED. Potential adverse effects of amphetamine treatment
on brain and behavior: a review. Mol Psychiatry 2009; 14: 123-42.

Herzberg D. Entitled to addiction?: Pharmaceuticals, race, and America's First Drug War. Bull Hist Med
2017; 91: 586-623.

Connell PH. Clinical manifestations and treatment of amphetamine type of dependence. JAMA 1966; 196:
718-23.

Nishino S. Narcolepsy: pathophysiology and pharmacology. J Clin Psychiatry 2007; 68 Suppl 13: 9-15.
Mitler MM, Aldrich MS, Koob GF, Zarcone VP. Narcolepsy and its treatment with stimulants. ASDA
standards of practice. Sleep 1994; 17: 352-71.

Ioannides-Demos LL, Proietto J, McNeil JJ. Pharmacotherapy for obesity. Drugs 2005; 65: 1391-418.
Pérez-Mafia C, Castells X, Torrens M, Capella D, Farre M. Efficacy of psychostimulant drugs for
amphetamine abuse or dependence. Cochrane Database Syst Rev 2013: CD009695.

Kramer JC, Fischman VS, Littlefield DC. Amphetamine abuse. Pattern and effects of high doses taken
intravenously. JAMA 1967; 201: 305-9.

Lynch WJ, Nicholson KL, Dance ME, Morgan RW, Foley PL. Animal models of substance abuse and

addiction: implications for science, animal welfare, and society. Comp Med 2010; 60: 177-88.

34



[63]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[73]

[74]

[75]

Bozarth MA. Drug addiction as a psychobiological process. In: Warburton DM, Ed. Addiction controversies.
London: Harwood Academic Publishers 1990; pp. 112-34.

Post RM. Intermittent versus continuous stimulation: effect of time interval on the development of
sensitization or tolerance. Life Sci 1980; 26: 1275-82.

Kalivas PW, Stewart J. Dopamine transmission in the initiation and expression of drug- and stress-induced
sensitization of motor activity. Brain Res Brain Res Rev 1991; 16: 223-44.

Strakowski SM, Sax KW, Rosenberg HL, DelBello MP, Adler CM. Human response to repeated low-dose d-
amphetamine: evidence for behavioral enhancement and tolerance. Neuropsychopharmacology 2001; 25:
548-54.

Robinson TE, Becker JB. Enduring changes in brain and behavior produced by chronic amphetamine
administration: a review and evaluation of animal models of amphetamine psychosis. Brain Res 1986; 396:
157-98.

Post RM, Weiss SR, Pert A. Sensitization and kindling effects of chronic cocaine administration. In: Lakoski
IM, Galloway MP, White FJ, Eds. Cocaine: pharmacology, physiology and clinical strategies. Ann Arbor,
MI: CRC Press 1992; pp. 115-61.

Robinson TE, Berridge KC. The neural basis of drug craving: an incentive-sensitization theory of addiction.
Brain Res Brain Res Rev 1993; 18: 247-91.

Robinson TE, Berridge KC. The incentive sensitization theory of addiction: some current issues. Philos Trans
R Soc Lond B Biol Sci 2008; 363: 3137-46.

Vezina P. Sensitization of midbrain dopamine neuron reactivity and the self-administration of psychomotor
stimulant drugs. Neurosci Biobehav Rev 2004; 27: 827-39.

Valjent E, Bertran-Gonzalez J, Aubier B, Greengard P, Herve D, Girault JA. Mechanisms of locomotor
sensitization to drugs of abuse in a two-injection protocol. Neuropsychopharmacology 2010; 35: 401-15.
Steketee JD, Kalivas PW. Drug wanting: behavioral sensitization and relapse to drug-seeking behavior.
Pharmacol Rev 2011; 63: 348-65.

Cador M, Bjijou Y, Stinus L. Evidence of a complete independence of the neurobiological substrates for the
induction and expression of behavioral sensitization to amphetamine. Neuroscience 1995; 65: 385-95.

Wood S, Sage JR, Shuman T, Anagnostaras SG. Psychostimulants and cognition: a continuum of behavioral

and cognitive activation. Pharmacol Rev 2014; 66: 193-221.

35



[76]

[78]

[79]

[80]

(81]

[82]

[84]

[85]

[87]

[88]

[89]

Berridge CW, Stalnaker TA. Relationship between low-dose amphetamine-induced arousal and extracellular
norepinephrine and dopamine levels within prefrontal cortex. Synapse 2002; 46: 140-9.

Grilly DM, Loveland A. What is a "low dose" of d-amphetamine for inducing behavioral effects in laboratory
rats? Psychopharmacology (Berl) 2001; 153: 155-69.

Walker-Batson D, Smith P, Curtis S, Unwin H, Greenlee R. Amphetamine paired with physical therapy
accelerates motor recovery after stroke. Further evidence. Stroke 1995; 26: 2254-9.

Walker-Batson D, Curtis S, Wolf T, Porch B. Amphetamine treatment accelerates recovery from aphasia.
Brain Lang 1996; 55: 27-9.

Rognli EB, Bramness JG. Understanding the relationship between amphetamines and psychosis. Curr Addict
Rep 2015; 2: 285-92.

Kelly PH, Iversen SD. Selective 6-OHDA-induced destruction of mesolimbic dopamine neurons: abolition of
psychostimulant-induced locomotor activity in rats. Eur J Pharmacol 1976; 40: 45-56.

Swerdlow NR, Vaccarino FJ, Amalric M, Koob GF. The neural substrates for the motor-activating properties
of psychostimulants: a review of recent findings. Pharmacol Biochem Behav 1986; 25: 233-48.

Solanto MV. Neuropsychopharmacological mechanisms of stimulant drug action in attention-deficit
hyperactivity disorder: a review and integration. Behav Brain Res 1998; 94: 127-52.

Porrino LJ, Lucignani G, Dow-Edwards D, Sokoloff L. Correlation of dose-dependent effects of acute
amphetamine administration on behavior and local cerebral metabolism in rats. Brain Res 1984; 307: 311-20.

Kuczenski R. Biphasic effects of amphetamine on striatal dopamine dynamics. Eur J Pharmacol 1977; 46:
249-57.

Tyler CB, Galloway MP. Acute administration of amphetamine: differential regulation of dopamine synthesis
in dopamine projection fields. J Pharmacol Exp Ther 1992; 261: 567-73.

dela Pena I, Gevorkiana R, Shi WX. Psychostimulants affect dopamine transmission through both dopamine
transporter-dependent and independent mechanisms. Eur J Pharmacol 2015; 764: 562-70.

Kuczenski R, Segal DS. Regional norepinephrine response to amphetamine using dialysis: comparison with
caudate dopamine. Synapse 1992; 11: 164-9.

Florin SM, Kuczenski R, Segal DS. Regional extracellular norepinephrine responses to amphetamine and

cocaine and effects of clonidine pretreatment. Brain Res 1994; 654: 53-62.

36



[90]

[92]

(93]

[94]

[95]

[96]

(98]

[99]

[100]

[101]

[102]

Kuczenski R, Segal D. Concomitant characterization of behavioral and striatal neurotransmitter response to
amphetamine using in vivo microdialysis. J Neurosci 1989; 9: 2051-65.

Florin SM, Kuczenski R, Segal DS. Amphetamine-induced changes in behavior and caudate extracellular
acetylcholine. Brain Res 1992; 581: 53-8.

Vanderschuren LJ, Schmidt ED, De Vries TJ, Van Moorsel CA, Tilders FJ, Schoffelmeer AN. A single
exposure to amphetamine is sufficient to induce long-term behavioral, neuroendocrine, and neurochemical
sensitization in rats. J Neurosci 1999; 19: 9579-86.

Wolgin DL. Contingent tolerance to amphetamine hypophagia: new insights into the role of environmental
context in the expression of stereotypy. Neurosci Biobehav Rev 2000; 24: 279-94.

Carlton PL, Wolgin DL. Contingent tolerance to the anorexigenic effects of amphetamine. Physiol Behav
1971; 7: 221-3.

Wolgin DL, Thompson GB, Oslan IA. Tolerance to amphetamine: contingent suppression of stereotypy
mediates recovery of feeding. Behav Neurosci 1987; 101: 264-71.

Wolgin DL. Development and reversal of sensitization to amphetamine-induced hypophagia: role of
temporal, pharmacological, and behavioral variables. Psychopharmacology (Berl) 1995; 117: 49-54.

Caprioli D, Celentano M, Paolone G, Badiani A. Modeling the role of environment in addiction. Prog
Neuropsychopharmacol Biol Psychiatry 2007; 31: 1639-53.

Harris SC, Ivy AC, Searle LM. The mechanism of amphetamine-induced loss of weight; a consideration of
the theory of hunger and appetite. ] Am Med Assoc 1947; 134: 1468-75.

Foltin RW, Kelly TH, Fischman MW. The effects of d-amphetamine on food intake of humans living in a
residential laboratory. Appetite 1990; 15: 33-45.

Makris AP, Rush CR, Frederich RC, Kelly TH. Wake-promoting agents with different mechanisms of action:
comparison of effects of modafinil and amphetamine on food intake and cardiovascular activity. Appetite
2004; 42: 185-95.

Foltin RW, Kelly TH, Fischman MW. Effect of amphetamine on human macronutrient intake. Physiol Behav
1995; 58: 899-907.

MacPhail RC, Gollub LR. Independence of the effects of d-amphetamine and food deprivation or body

weight on the food consumption of rats. Psychopharmacologia 1974; 34: 163-73.

37



[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Paul SM, Hulihan-Giblin B, Skolnick P. (+)-Amphetamine binding to rat hypothalamus: relation to anorexic
potency for phenylethylamines. Science 1982; 218: 487-90.

Hauger R, Hulihan-Giblin B, Angel I, Luu MD, Janowsky A, Skolnick P, Paul SM. Glucose regulates
[3H](+)-amphetamine binding and Na+K+ ATPase activity in the hypothalamus: a proposed mechanism for
the glucostatic control of feeding and satiety. Brain Res Bull 1986; 16: 281-8.

Kuo DY, Hsu CT, Cheng JT. Role of hypothalamic neuropeptide Y (NPY) in the change of feeding behavior
induced by repeated treatment of amphetamine. Life Sci 2001; 70: 243-51.

Hsieh YS, Yang SF, Kuo DY. Amphetamine, an appetite suppressant, decreases neuropeptide Y
immunoreactivity in rat hypothalamic paraventriculum. Regul Pept 2005; 127: 169-76.

Leibowitz SF. Catecholaminergic mechanisms of the lateral hypothalamus: their role in the mediation of
amphetamine anorexia. Brain Res 1975; 98: 529-45.

McGregor C, Srisurapanont M, Jittiwutikarn J, Laobhripatr S, Wongtan T, White JM. The nature, time course
and severity of methamphetamine withdrawal. Addiction 2005; 100: 1320-9.

Der-Avakian A, Markou A. Withdrawal from chronic exposure to amphetamine, but not nicotine, leads to an
immediate and enduring deficit in motivated behavior without affecting social interaction in rats. Behav
Pharmacol 2010; 21: 359-68.

Orsini CA, Ginton G, Shimp KG, Avena NM, Gold MS, Setlow B. Food consumption and weight gain after
cessation of chronic amphetamine administration. Appetite 2014; 78: 76-80.

Pathiraja A, Marazziti D, Cassano GB, Diamond BI, Borison RL. Phenomenology and neurobiology of
cocaine withdrawal: Are they related? Prog Neuropsychopharmacol Biol Psychiatry 1995; 19: 1021-34.

Barr AM, Phillips AG. Withdrawal following repeated exposure to d-amphetamine decreases responding for
a sucrose solution as measured by a progressive ratio schedule of reinforcement. Psychopharmacology 1999;
141: 99-106.

Riley DE, Liu L, Cohen B, Robinson S, Groessl EJ, Ho SB. Characteristics and impact of methamphetamine
use in patients with chronic hepatitis C. J Addict Med 2014; 8: 25-32.

WHO. Global hepatitis report 2017. Geneva: World Health Organization 2017. Available from:

(https://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/).

38



[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

Nelson PK, Mathers BM, Cowie B, Hagan H, Des Jarlais D, Horyniak D, Degenhardt L. Global
epidemiology of hepatitis B and hepatitis C in people who inject drugs: results of systematic reviews. Lancet
2011; 378: 571-83.

Hilsden RJ, Macphail G, Grebely J, Conway B, Lee SS. Directly observed pegylated interferon plus self-
administered ribavirin for the treatment of hepatitis C virus infection in people actively using drugs: a
randomized controlled trial. Clin Infect Dis 2013; 57 Suppl 2: S90-6.

Ho SB, Brau N, Cheung R, Liu L, Sanchez C, Sklar M, Phelps TE, Marcus SG, Wasil MM, Tisi A, Huynh L,
Robinson SK, Gifford AL, Asch SM, Groessl EJ. Integrated care increases treatment and improves outcomes
of patients with chronic hepatitis C virus infection and psychiatric illness or substance abuse. Clin
Gastroenterol Hepatol 2015; 13: 2005-14 e1-3.

Dunwiddie TV, Masino SA. The role and regulation of adenosine in the central nervous system. Annu Rev
Neurosci 2001; 24: 31-55.

Boison D. Adenosine as a modulator of brain activity. Drug News Perspect 2007; 20: 607-11.

Fredholm BB. Adenosine--a physiological or pathophysiological agent? J] Mol Med (Berl) 2014; 92: 201-6.
Rial D, Lara DR, Cunha RA. The adenosine neuromodulation system in schizophrenia. Int Rev Neurobiol
2014; 119: 395-449.

Sheth S, Brito R, Mukherjea D, Rybak LP, Ramkumar V. Adenosine receptors: expression, function and
regulation. Int J Mol Sci 2014; 15: 2024-52.

Ballarin M, Fredholm BB, Ambrosio S, Mahy N. Extracellular levels of adenosine and its metabolites in the
striatum of awake rats: inhibition of uptake and metabolism. Acta Physiol Scand 1991; 142: 97-103.
Dunwiddie TV, Diao L. Extracellular adenosine concentrations in hippocampal brain slices and the tonic
inhibitory modulation of evoked excitatory responses. J Pharmacol Exp Ther 1994; 268: 537-45.

Berman RF, Fredholm BB, Aden U, O'Connor WT. Evidence for increased dorsal hippocampal adenosine
release and metabolism during pharmacologically induced seizures in rats. Brain Res 2000; 872: 44-53.
Latini S, Pedata F. Adenosine in the central nervous system: release mechanisms and extracellular
concentrations. J Neurochem 2001; 79: 463-84.

Akula KK, Kulkarni SK. Adenosinergic system: an assorted approach to therapeutics for drug addiction.

Future Neurol 2012; 7: 307-27.

39



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Ballesteros-Yaiiez I, Castillo CA, Merighi S, Gessi S. The role of adenosine receptors in psychostimulant
addiction. Front Pharmacol 2017; 8: 985.

Fouyssac M, Everitt BJ, Belin D. Cellular basis of the intrastriatal functional shifts that underlie the
development of habits: relevance for drug addiction. Curr Opin Behav Sci 2017; 13: 144-51.

Brown SJ, Gill R, Evenden JL, Iversen SD, Richardson PJ. Striatal A2 receptor regulates apomorphine-
induced turning in rats with unilateral dopamine denervation. Psychopharmacology (Berl) 1991; 103: 78-82.
Turgeon SM, Pollack AE, Schusheim L, Fink JS. Effects of selective adenosine Al and A2a agonists on
amphetamine-induced locomotion and c-Fos in striatum and nucleus accumbens. Brain Res 1996; 707: 75-80.
Ferre S, Fredholm BB, Morelli M, Popoli P, Fuxe K. Adenosine-dopamine receptor-receptor interactions as
an integrative mechanism in the basal ganglia. Trends Neurosci 1997; 20: 482-7.

Rimondini R, Ferre S, Ogren SO, Fuxe K. Adenosine A2A agonists: a potential new type of atypical
antipsychotic. Neuropsychopharmacology 1997; 17: 82-91.

Yoshimatsu A, Shimazoe T, Kawashimo A, Shuto T, Doi Y, Fukumoto T, Watanabe S. Effects of adenosine
Al- and A2A-receptor agonists on enhancement of dopamine release from the striatum in methamphetamine-
sensitized rats. Jpn J Pharmacol 2001; 86: 254-7.

Chen JF, Moratalla R, Yu L, Martin AB, Xu K, Bastia E, Hackett E, Alberti I, Schwarzschild MA.
Inactivation of adenosine A2A receptors selectively attenuates amphetamine-induced behavioral
sensitization. Neuropsychopharmacology 2003; 28: 1086-95.

Fuxe K, Ferre S, Genedani S, Franco R, Agnati LF. Adenosine receptor-dopamine receptor interactions in the
basal ganglia and their relevance for brain function. Physiol Behav 2007; 92: 210-7.

Bachtell RK. Cocaine addiction and adenosine Al and A2A receptors. In: Preedy VR, Ed. The neuroscience
of cocaine. San Diego: Academic Press 2017; pp. 429-37.

Kobayashi H, Ujike H, Iwata N, Inada T, Yamada M, Sekine Y, Uchimura N, Iyo M, Ozaki N, Itokawa M,
Sora I. The adenosine A2A receptor is associated with methamphetamine dependence/psychosis in the
Japanese population. Behav Brain Funct 2010; 6: 50.

Moscoso-Castro M, Gracia-Rubio I, Ciruela F, Valverde O. Genetic blockade of adenosine A2A receptors
induces cognitive impairments and anatomical changes related to psychotic symptoms in mice. Eur

Neuropsychopharmacol 2016; 26: 1227-40.

40



[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Shen HY, Singer P, Lytle N, Wei CJ, Lan JQ, Williams-Karnesky RL, Chen JF, Yee BK, Boison D.
Adenosine augmentation ameliorates psychotic and cognitive endophenotypes of schizophrenia. J Clin Invest
2012; 122: 2567-77.

Ciruela F, Fernandez-Duefias V, Altafaj X, Contreras F, Vallano A, Menchon JM, Valle-Leon M. The
adenosinergic system in the neurobiology of schizophrenia: Prospective adenosine receptor—based
pharmacotherapy. In: Gargiulo PA, Mesones-Arroyo HL, Eds. Psychiatry and neuroscience update - vol. II:
A translational approach. Cham: Springer International Publishing 2017; pp. 405-19.

Asaoka N, Nishitani N, Kinoshita H, Nagai Y, Hatakama H, Nagayasu K, Shirakawa H, Nakagawa T,
Kaneko S. An adenosine A2A receptor antagonist improves multiple symptoms of repeated quinpirole-
induced psychosis. eNeuro 2019; 6.

Boison D, Singer P, Shen HY, Feldon J, Yee BK. Adenosine hypothesis of schizophrenia--opportunities for
pharmacotherapy. Neuropharmacology 2012; 62: 1527-43.

Natarajan R, Yamamoto BK. The basal ganglia as a substrate for the multiple actions of amphetamines. Basal
Ganglia 2011; 1: 49-57.

Young CB, Sonne J. Neuroanatomy, Basal Ganglia. StatPearls [Internet]. Treasure Island (FL): StatPearls

Publishing 2019. Available from: (https://www.ncbi.nlm.nih.gov/books/NBK537141/).

Wise RA. Roles for nigrostriatal--not just mesocorticolimbic--dopamine in reward and addiction. Trends
Neurosci 2009; 32: 517-24.

Rivkees SA, Price SL, Zhou FC. Immunohistochemical detection of A1l adenosine receptors in rat brain with
emphasis on localization in the hippocampal formation, cerebral cortex, cerebellum, and basal ganglia. Brain
Res 1995; 677: 193-203.

Ochiishi T, Chen L, Yukawa A, Saitoh Y, Sekino Y, Arai T, Nakata H, Miyamoto H. Cellular localization of
adenosine Al receptors in rat forebrain: immunohistochemical analysis using adenosine A1l receptor-specific
monoclonal antibody. J Comp Neurol 1999; 411: 301-16.

Ralevic V, Burnstock G. Receptors for purines and pyrimidines. Pharmacol Rev 1998; 50: 413-92.

Wei CJ, Li W, Chen JF. Normal and abnormal functions of adenosine receptors in the central nervous system

revealed by genetic knockout studies. Biochim Biophys Acta 2011; 1808: 1358-79.

41



[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Moser A, Liebetrau A, Cramer H. Adenosine receptor-coupled adenylate cyclase in the caudate nucleus of
the rat brain. Neuropharmacology 1991; 30: 769-73.

Okada M, Mizuno K, Kaneko S. Adenosine Al and A2 receptors modulate extracellular dopamine levels in
rat striatum. Neurosci Lett 1996; 212: 53-6.

Flagmeyer I, Haas HL, Stevens DR. Adenosine Al receptor-mediated depression of corticostriatal and
thalamostriatal glutamatergic synaptic potentials in vitro. Brain Res 1997; 778: 178-85.

Ferre S, O'Connor WT, Svenningsson P, Bjorklund L, Lindberg J, Tinner B, Stromberg I, Goldstein M,
Ogren SO, Ungerstedt U, Fredholm BB, Fuxe K. Dopamine D1 receptor-mediated facilitation of GABAergic
neurotransmission in the rat strioentopenduncular pathway and its modulation by adenosine Al receptor-
mediated mechanisms. Eur J Neurosci 1996; 8: 1545-53.

Mango D, Bonito-Oliva A, Ledonne A, Cappellacci L, Petrelli R, Nistico R, Berretta N, Fisone G, Mercuri
NB. Adenosine Al receptor stimulation reduces D1 receptor-mediated GABAergic transmission from striato-
nigral terminals and attenuates 1-DOPA-induced dyskinesia in dopamine-denervated mice. Exp Neurol 2014;
261: 733-43.

Rosin DL, Robeva A, Woodard RL, Guyenet PG, Linden J. Immunohistochemical localization of adenosine
A2A receptors in the rat central nervous system. J Comp Neurol 1998; 401: 163-86.

Svenningsson P, Le Moine C, Fisone G, Fredholm BB. Distribution, biochemistry and function of striatal
adenosine A2A receptors. Prog Neurobiol 1999; 59: 355-96.

Hauber W, Nagel J, Sauer R, Muller CE. Motor effects induced by a blockade of adenosine A2A receptors in
the caudate-putamen. Neuroreport 1998; 9: 1803-6.

Mogul DJ, Adams ME, Fox AP. Differential activation of adenosine receptors decreases N-type but
potentiates P-type Ca2+ current in hippocampal CA3 neurons. Neuron 1993; 10: 327-34.

Song WJ, Tkatch T, Surmeier DJ. Adenosine receptor expression and modulation of Ca(2+) channels in rat
striatal cholinergic interneurons. J Neurophysiol 2000; 83: 322-32.

Cunha RA. Neuroprotection by adenosine in the brain: From A(1) receptor activation to A (2A) receptor
blockade. Purinergic Signal 2005; 1: 111-34.

Gomes CV, Kaster MP, Tome AR, Agostinho PM, Cunha RA. Adenosine receptors and brain diseases:

neuroprotection and neurodegeneration. Biochim Biophys Acta 2011; 1808: 1380-99.

42



[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

Kalaria RN, Sromek S, Wilcox BJ, Unnerstall JR. Hippocampal adenosine Al receptors are decreased in
Alzheimer's disease. Neurosci Lett 1990; 118: 257-60.

Cunha RA, Constantino MC, Sebastiao AM, Ribeiro JA. Modification of A1 and A2a adenosine receptor
binding in aged striatum, hippocampus and cortex of the rat. Neuroreport 1995; 6: 1583-8.

Popoli P, Reggio R, Pezzola A, Fuxe K, Ferre S. Adenosine Al and A2A receptor antagonists stimulate
motor activity: evidence for an increased effectiveness in aged rats. Neurosci Lett 1998; 251: 201-4.

Prediger RD, Batista LC, Takahashi RN. Caffeine reverses age-related deficits in olfactory discrimination
and social recognition memory in rats. Involvement of adenosine Al and A2A receptors. Neurobiol Aging
2005; 26: 957-64.

Fukumitsu N, Ishii K, Kimura Y, Oda K, Hashimoto M, Suzuki M, Ishiwata K. Adenosine A(1) receptors
using 8-dicyclopropylmethyl-1-[(11)C]methyl-3-propylxanthine PET in Alzheimer's disease. Ann Nucl Med
2008; 22: 841-7.

Mishina M, Kimura Y, Sakata M, Ishii K, Oda K, Toyohara J, Kimura K, Ishiwata K. Age-related decrease in
male extra-striatal adenosine A1 receptors measured using(11)C-MPDX PET. Front Pharmacol 2017; 8: 903.
Meyer PT, Elmenhorst D, Boy C, Winz O, Matusch A, Zilles K, Bauer A. Effect of aging on cerebral Al
adenosine receptors: A [18F]CPFPX PET study in humans. Neurobiol Aging 2007; 28: 1914-24.

Mishina M, Kimura Y, Naganawa M, Ishii K, Oda K, Sakata M, Toyohara J, Kobayashi S, Katayama Y,
Ishiwata K. Differential effects of age on human striatal adenosine A(1) and A(2A) receptors. Synapse 2012;
66: 832-9.

Fuxe K, Ferre S, Zoli M, Agnati LF. Integrated events in central dopamine transmission as analyzed at
multiple levels. Evidence for intramembrane adenosine A2A/dopamine D2 and adenosine Al/dopamine D1
receptor interactions in the basal ganglia. Brain Res Brain Res Rev 1998; 26: 258-73.

Franco R, Ferre S, Agnati L, Torvinen M, Gines S, Hillion J, Casado V, Lledo P, Zoli M, Lluis C, Fuxe K.
Evidence for adenosine/dopamine receptor interactions: indications for  heteromerization.
Neuropsychopharmacology 2000; 23: S50-9.

Mayfield RD, Suzuki F, Zahniser NR. Adenosine A2a receptor modulation of electrically evoked endogenous

GABA release from slices of rat globus pallidus. J Neurochem 1993; 60: 2334-7.

43



[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

Mayfield RD, Jones BA, Miller HA, Simosky JK, Larson GA, Zahniser NR. Modulation of endogenous
GABA release by an antagonistic adenosine Al/dopamineD1 receptor interaction in rat brain limbic regions
but not basal ganglia. Synapse 1999; 33: 274-81.

Floran B, Barajas C, Floran L, Erlij D, Aceves J. Adenosine Al receptors control dopamine D1-dependent
[(3)H]GABA release in slices of substantia nigra pars reticulata and motor behavior in the rat. Neuroscience
2002; 115: 743-51.

Botsakis K, Tondikidou V, Panagopoulos N, Margariti M, Matsokis N, Angelatou F. Increased sensitivity in
the interaction of the dopaminergic/adenosinergic system at the level of the adenylate cyclase activity in the
striatum of the "weaver" mouse. Neurochemistry International 2016; 99: 233-8.

Hughes RN. Neotic preferences in laboratory rodents: issues, assessment and substrates. Neurosci Biobehav
Rev 2007; 31: 441-64.

Schomaker J. Unexplored territory: Beneficial effects of novelty on memory. Neurobiol Learn Mem 2019;
161: 46-50.

Knight R. Contribution of human hippocampal region to novelty detection. Nature 1996; 383: 256-9.

Duzel E, Bunzeck N, Guitart-Masip M, Duzel S. NOvelty-related motivation of anticipation and exploration
by dopamine (NOMAD): implications for healthy aging. Neurosci Biobehav Rev 2010; 34: 660-9.
Guitart-Masip M, Bunzeck N, Stephan KE, Dolan RJ, Duzel E. Contextual novelty changes reward
representations in the striatum. J Neurosci 2010; 30: 1721-6.

Bunzeck N, Doeller CF, Dolan RJ, Duzel E. Contextual interaction between novelty and reward processing
within the mesolimbic system. Hum Brain Mapp 2012; 33: 1309-24.

Faurholt-Jepsen M, Brage S, Vinberg M, Kessing LV. State-related differences in the level of psychomotor
activity in patients with bipolar disorder - Continuous heart rate and movement monitoring. Psychiatry Res
2016; 237: 166-74.

Ku KM, Weir RK, Silverman JL, Berman RF, Bauman MD. Behavioral phenotyping of juvenile Long-Evans
and Sprague-Dawley rats: Implications for preclinical models of autism spectrum disorders. PLoS One 2016;
11: e0158150.

Flagel SB, Robinson TE. Quantifying the psychomotor activating effects of cocaine in the rat. Behav

Pharmacol 2007; 18: 297-302.

44



[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

Lever C, Burton S, O'Keefe J. Rearing on hind legs, environmental novelty, and the hippocampal formation.
Rev Neurosci 2006; 17: 111-33.

Seeley RJ, Brozoski TJ. Measurement and quantification of stereotypy in freely behaving subjects: An
information analysis. Behav Res Methods Instrum Comput 1989; 21: 271-4.

Biedermann SV, Biedermann DG, Wenzlaff F, Kurjak T, Nouri S, Auer MK, Wiedemann K, Briken P,
Haaker J, Lonsdorf TB, Fuss J. An elevated plus-maze in mixed reality for studying human anxiety-related
behavior. BMC Biol 2017; 15: 125.

Rodgers RJ, Haller J, Holmes A, Halasz J, Walton TJ, Brain PF. Corticosterone response to the plus-maze:
high correlation with risk assessment in rats and mice. Physiol Behav 1999; 68: 47-53.

Fukushiro DF, Frussa-Filho R. Chronic amphetamine transforms the emotional significance of a novel but
not a familiar environment: implications for addiction. Int J Neuropsychopharmacol 2011; 14: 955-65.

Ujike H, Akiyama K, Nishikawa H, Onoue T, Otsuki S. Lasting increase in D1 dopamine receptors in the
lateral part of the substantia nigra pars reticulata after subchronic methamphetamine administration. Brain
Res 1991; 540: 159-63.

Bonhomme N, Cador M, Stinus L, Le Moal M, Spampinato U. Short and long-term changes in dopamine and
serotonin receptor binding sites in amphetamine-sensitized rats: a quantitative autoradiographic study. Brain
Res 1995; 675: 215-23.

Henry DJ, Hu XT, White FJ. Adaptations in the mesoaccumbens dopamine system resulting from repeated
administration of dopamine D1 and D2 receptor-selective agonists: relevance to cocaine sensitization.
Psychopharmacology (Berl) 1998; 140: 233-42.

Quarta D, Borycz J, Solinas M, Patkar K, Hockemeyer J, Ciruela F, Lluis C, Franco R, Woods AS, Goldberg
SR, Ferre S. Adenosine receptor-mediated modulation of dopamine release in the nucleus accumbens
depends on glutamate neurotransmission and N-methyl-D-aspartate receptor stimulation. J Neurochem 2004;
91: 873-80.

Borycz J, Pereira MF, Melani A, Rodrigues RJ, Kofalvi A, Panlilio L, Pedata F, Goldberg SR, Cunha RA,
Ferre S. Differential glutamate-dependent and glutamate-independent adenosine Al receptor-mediated

modulation of dopamine release in different striatal compartments. J Neurochem 2007; 101: 355-63.

45



[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

O'Neill C, Nolan BJ, Macari A, O'Boyle KM, O'Connor JJ. Adenosine Al receptor-mediated inhibition of
dopamine release from rat striatal slices is modulated by D1 dopamine receptors. Eur J Neurosci 2007; 26:
3421-8.

Jain N, Kemp N, Adeyemo O, Buchanan P, Stone TW. Anxiolytic activity of adenosine receptor activation in
mice. Br J Pharmacol 1995; 116: 2127-33.

Bardo MT, Donohew RL, Harrington NG. Psychobiology of novelty seeking and drug seeking behavior.
Behav Brain Res 1996; 77: 23-43.

Legault M, Wise RA. Novelty-evoked elevations of nucleus accumbens dopamine: dependence on impulse
flow from the ventral subiculum and glutamatergic neurotransmission in the ventral tegmental area. Eur J
Neurosci 2001; 13: 819-28.

Kaplan GB, Leite-Morris KA, Klufas MA, Fan W. Intra-VTA adenosine Al receptor activation blocks
morphine stimulation of motor behavior and cortical and limbic Fos immunoreactivity. Eur J Pharmacol
2009; 602: 268-76.

Hooks MS, Kalivas PW. The role of mesoaccumbens--pallidal circuitry in novelty-induced behavioral
activation. Neuroscience 1995; 64: 587-97.

Roman V, Keijser JN, Luiten PG, Meerlo P. Repetitive stimulation of adenosine Al receptors in vivo:
changes in receptor numbers, G-proteins and Al receptor agonist-induced hypothermia. Brain Res 2008;
1191: 69-74.

Ruiz MA, Leon DA, Albasanz JL, Martin M. Desensitization of adenosine A(1) receptors in rat immature
cortical neurons. Eur J Pharmacol 2011; 670: 365-71.

Jacobson KA, von Lubitz DK, Daly JW, Fredholm BB. Adenosine receptor ligands: differences with acute
versus chronic treatment. Trends Pharmacol Sci 1996; 17: 108-13.

Kawashimo A, Shimazoe T, Yoshimatsu A, Watanabe S. Repeated adenosine pre-treatment potentiates the
acute effect of methamphetamine in rats. Jpn J Pharmacol 2000; 84: 78-81.

Poleszak E, Malec D. Influence of adenosine receptor agonists and antagonists on amphetamine-induced
stereotypy in rats. Pol J Pharmacol 2000; 52: 423-9.

Witkowski JT, Robins RK, Sidwell RW, Simon LN. Design, synthesis, and broad spectrum antiviral activity

of 1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxamide and related nucleosides. ] Med Chem 1972; 15: 1150-4.

46



[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

Cai S, Li QS, Borchardt RT, Kuczera K, Schowen RL. The antiviral drug ribavirin is a selective inhibitor of
S-adenosyl-L-homocysteine hydrolase from Trypanosoma cruzi. Bioorg Med Chem 2007; 15: 7281-7.

Raza M, Khan Z, Ahmad A, Raza S, Khan A, Mohammadzai U, Zada S. In silico 3-D structure prediction
and molecular docking studies of inosine monophosphate dehydrogenase from Plasmodium falciparum.
Comput Biol Chem 2017; 71: 10-19.

Pekovi¢ S, Filipovi¢ R, Subagi¢ S, Lavrnja I, Stojkov D, Nedeljkovié N, Raki¢ L, Stojiljkovi¢ M.
Downregulation of glial scarring after brain injury: the effect of purine nucleoside analogue ribavirin. Ann N
Y Acad Sci 2005; 1048: 296-310.

Stojkov D, Lavrnja I, Pekovic S, Dacic S, Bjelobaba I, Mostarica-Stojkovic M, Stosic-Grujicic S, Jovanovic
S, Nedeljkovic N, Rakic L, Stojiljkovic M. Therapeutic effects of combined treatment with ribavirin and
tiazofurin on experimental autoimmune encephalomyelitis development: clinical and histopathological
evaluation. J Neurol Sci 2008; 267: 76-85.

Lavrnja I, Savic D, Bjelobaba I, Dacic S, Bozic I, Parabucki A, Nedeljkovic N, Pekovic S, Rakic L,
Stojiljkovic M. The effect of ribavirin on reactive astrogliosis in experimental autoimmune
encephalomyelitis. J] Pharmacol Sci 2012; 119: 221-32.

De la Cruz-Hernandez E, Medina-Franco JL, Trujillo J, Chavez-Blanco A, Dominguez-Gomez G, Perez-
Cardenas E, Gonzalez-Fierro A, Taja-Chayeb L, Duenas-Gonzalez A. Ribavirin as a tri-targeted antitumor
repositioned drug. Oncol Rep 2015; 33: 2384-92.

Teng L, Ding D, Chen Y, Dai H, Liu G, Qiao Z, An R. Anti-tumor effect of ribavirin in combination with
interferon-alpha on renal cell carcinoma cell lines in vitro. Cancer Cell Int 2014; 14: 63.

Volpin F, Casaos J, Sesen J, Mangraviti A, Choi J, Gorelick N, Frikeche J, Lott T, Felder R, Scotland SJ,
Eisinger-Mathason TSK, Brem H, Tyler B, Skuli N. Use of an anti-viral drug, Ribavirin, as an anti-
glioblastoma therapeutic. Oncogene 2017; 36: 3037-47.

Chen J, Xu X, Chen J. Clinically relevant concentration of anti-viral drug ribavirin selectively targets
pediatric osteosarcoma and increases chemosensitivity. Biochem Biophys Res Commun 2018; 506: 604-10.
Ochiai Y, Sano E, Okamoto Y, Yoshimura S, Makita K, Yamamuro S, Ohta T, Ogino A, Tadakuma H, Ueda
T, Nakayama T, Hara H, Yoshino A, Katayama Y. Efficacy of ribavirin against malignant glioma cell lines:

Follow-up study. Oncol Rep 2018; 39: 537-44.

47



[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

Casaos J, Gorelick NL, Huq S, Choi J, Xia Y, Serra R, Felder R, Lott T, Kast RE, Suk I, Brem H, Tyler B,
Skuli N. The use of ribavirin as an anticancer therapeutic: Will it go viral? Mol Cancer Ther 2019; 18: 1185-
94.

Wu JZ, Larson G, Walker H, Shim JH, Hong Z. Phosphorylation of ribavirin and viramidine by adenosine
kinase and cytosolic 5'-nucleotidase II: Implications for ribavirin metabolism in erythrocytes. Antimicrob
Agents Chemother 2005; 49: 2164-71.

Todt D, Walter S, Brown RJ, Steinmann E. Mutagenic effects of ribavirin on hepatitis E virus-viral extinction
versus selection of fitness-enhancing mutations. Viruses 2016; 8.

Paeshuyse J, Dallmeier K, Neyts J. Ribavirin for the treatment of chronic hepatitis C virus infection: a review
of the proposed mechanisms of action. Curr Opin Virol 2011; 1: 590-8.

Debing Y, Emerson SU, Wang Y, Pan Q, Balzarini J, Dallmeier K, Neyts J. Ribavirin inhibits in vitro
hepatitis E virus replication through depletion of cellular GTP pools and is moderately synergistic with alpha
interferon. Antimicrob Agents Chemother 2014; 58: 267-73.

Franchetti P, Cappellacci L, Grifantini M, Senatore G, Martini C, Lucacchini A. Tiazofurin analogues as
selective agonists of Al adenosine receptors. Res Commun Mol Pathol Pharmacol 1995; 87: 103-5.
Abdel-Salam OM. Antinociceptive and behavioral effects of ribavirin in mice. Pharmacol Biochem Behav
2006; 83: 230-8.

Ward RP, Kugelmas M. Using pegylated interferon and ribavirin to treat patients with chronic hepatitis C.
Am Fam Physician 2005; 72: 655-62.

Ibarra KD, Pfeiffer JK. Reduced ribavirin antiviral efficacy via nucleoside transporter-mediated drug
resistance. J Virol 2009; 83: 4538-47.

Smith AA, Wohl BM, Kryger MB, Hedemann N, Guerrero-Sanchez C, Postma A, Zelikin AN.
Macromolecular prodrugs of ribavirin: concerted efforts of the carrier and the drug. Adv Healthc Mater 2014;
3: 1404-7.

Davoodi L, Masoum B, Moosazadeh M, Jafarpour H, Haghshenas MR, Mousavi T. Psychiatric side effects of
pegylated interferon-alpha and ribavirin therapy in Iranian patients with chronic hepatitis C: A meta-analysis.
Exp Ther Med 2018; 16: 971-8.

Ravichandran R, Manian M. Ribavirin therapy for Chikungunya arthritis. J Infect Dev Ctries 2008; 2: 140-2.

48



[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

Colombo G, Lorenzini L, Zironi E, Galligioni V, Sonvico F, Balducci AG, Pagliuca G, Giuliani A, Calza L,
Scagliarini A. Brain distribution of ribavirin after intranasal administration. Antiviral Res 2011; 92: 408-14.
Yeon JE. Does the old-fashioned sofosbuvir plus ribavirin treatment in genotype 2 chronic hepatitis C
patients still works for Koreans? Clin Mol Hepatol 2018; 24: 294-6.

Reddy KR, Nelson DR, Zeuzem S. Ribavirin: current role in the optimal clinical management of chronic
hepatitis C. J Hepatol 2009; 50: 402-11.

Huang Y, Li MH, Hou M, Xie Y. Peginterferon alfa-2a for the treatment of chronic hepatitis C in the era of
direct-acting antivirals. Hepatobiliary Pancreat Dis Int 2017; 16: 470-9.

Testoni B, Levrero M, Durantel D. Mechanism of action of ribavirin in anti-HCV regimens: new insights for
an age-old question? Gut 2014; 63: 3-4.

Briolant S, Garin D, Scaramozzino N, Jouan A, Crance JM. In vitro inhibition of Chikungunya and Semliki
Forest viruses replication by antiviral compounds: synergistic effect of interferon-alpha and ribavirin
combination. Antiviral Res 2004; 61: 111-7.

Scagnolari C, Caputo B, Rezza G, Antonelli G. Antiviral activity of the combination of interferon and
ribavirin against Chikungunya virus: Are the results conclusive? J Infect Dis 2017; 215: 492-3.

Franco EJ, Rodriquez JL, Pomeroy JJ, Hanrahan KC, Brown AN. The effectiveness of antiviral agents with
broad-spectrum activity against chikungunya virus varies between host cell lines. Antivir Chem Chemother
2018; 26: 2040206618807580.

Rothan HA, Bahrani H, Mohamed Z, Teoh TC, Shankar EM, Rahman NA, Yusof R. A combination of
doxycycline and ribavirin alleviated chikungunya infection. PLoS One 2015; 10: e0126360.

Rothan HA, Bahrani H, Abdulrahman AY, Mohamed Z, Teoh TC, Othman S, Rashid NN, Rahman NA,
Yusof R. Mefenamic acid in combination with ribavirin shows significant effects in reducing chikungunya
virus infection in vitro and in vivo. Antiviral Res 2016; 127: 50-6.

Gilbert BE, Wyde PR. Pharmacokinetics of ribavirin aerosol in mice. Antimicrob Agents Chemother 1988;
32:117-21.

Tomoda A, Shiraishi S, Hosoya M, Hamada A, Miike T. Combined treatment with interferon-alpha and

ribavirin for subacute sclerosing panencephalitis. Pediatr Neurol 2001; 24: 54-9.

49



[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

Giuliani A, Balducci AG, Zironi E, Colombo G, Bortolotti F, Lorenzini L, Galligioni V, Pagliuca G,
Scagliarini A, Calza L, Sonvico F. In vivo nose-to-brain delivery of the hydrophilic antiviral ribavirin by
microparticle agglomerates. Drug Deliv 2018; 25: 376-87.

Beaird OE, Freifeld A, Ison MG, Lawrence SJ, Theodoropoulos N, Clark NM, Razonable RR, Alangaden G,
Miller R, Smith J, Young JA, Hawkinson D, Pursell K, Kaul DR. Current practices for treatment of
respiratory syncytial virus and other non-influenza respiratory viruses in high-risk patient populations: a
survey of institutions in the Midwestern Respiratory Virus Collaborative. Transpl Infect Dis 2016; 18: 210-5.

Trang TP, Whalen M, Hilts-Horeczko A, Doernberg SB, Liu C. Comparative effectiveness of aerosolized
versus oral ribavirin for the treatment of respiratory syncytial virus infections: A single-center retrospective
cohort study and review of the literature. Transpl Infect Dis 2018; 20: e12844.

Riner A, Chan-Tack KM, Murray JS. Original research: Intravenous ribavirin--review of the FDA's
Emergency Investigational New Drug Database (1997-2008) and literature review. Postgrad Med 2009; 121:
139-46.

Soares-Weiser K, Thomas S, Thomson G, Garner P. Ribavirin for Crimean-Congo hemorrhagic fever:
systematic review and meta-analysis. BMC Infect Dis 2010; 10: 207.

Westover JB, Sefing EJ, Bailey KW, Van Wettere AJ, Jung KH, Dagley A, Wandersee L, Downs B, Smee
DF, Furuta Y, Bray M, Gowen BB. Low-dose ribavirin potentiates the antiviral activity of favipiravir against
hemorrhagic fever viruses. Antiviral Res 2016; 126: 62-8.

Kilgore PE, Ksiazek TG, Rollin PE, Mills JN, Villagra MR, Montenegro MJ, Costales MA, Paredes LC,
Peters CJ. Treatment of Bolivian hemorrhagic fever with intravenous ribavirin. Clin Infect Dis 1997; 24: 718-
22.

Dieperink E, Ho SB, Thuras P, Willenbring ML. A prospective study of neuropsychiatric symptoms
associated with interferon-alpha-2b and ribavirin therapy for patients with chronic hepatitis C.
Psychosomatics 2003; 44: 104-12.

Predescu O, Streba LA, Irimia E, Streba L, Mogoanta L. Adverse effects of peg-Interferon and Ribavirin
combined antiviral treatment in a Romanian hepatitis C virus infected cohort. Rom J Morphol Embryol 2012;
53:497-502.

Fried MW. Side effects of therapy of hepatitis C and their management. Hepatology 2002; 36: S237-44.

50



[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

Kamei S, Sakai T, Matsuura M, Tanaka N, Kojima T, Arakawa Y, Matsukawa Y, Mizutani T, Oga K,
Ohkubo H, Matsumura H, Hirayanagi K. Alterations of quantitative EEG and mini-mental state examination
in interferon-alpha-treated hepatitis C. Eur Neurol 2002; 48: 102-7.

Seyam MS, Freshwater DA, O'Donnell K, Mutimer DJ. Weight loss during pegylated interferon and ribavirin
treatment of chronic hepatitis C*. J Viral Hepat 2005; 12: 531-5.

Irwin J, Terrault N. Cognitive impairment in hepatitis C patients on antiviral therapy. Gastroenterol Hepatol
(N'Y) 2008; 4: 65-7.

Schmidt F, Janssen G, Martin G, Lorenz R, Loeschke K, Soyka M, Folwaczny C, Schaefer M. Factors
influencing long-term changes in mental health after interferon-alpha treatment of chronic hepatitis C.
Aliment Pharmacol Ther 2009; 30: 1049-59.

Tam RC, Ramasamy K, Bard J, Pai B, Lim C, Averett DR. The ribavirin analog ICN 17261 demonstrates
reduced toxicity and antiviral effects with retention of both immunomodulatory activity and reduction of
hepatitis-induced serum alanine aminotransferase levels. Antimicrob Agents Chemother 2000; 44: 1276-83.
Afdhal NH, Dieterich DT, Pockros PJ, Schiff ER, Shiffman ML, Sulkowski MS, Wright T, Younossi Z,
Goon BL, Tang KL, Bowers PJ, Proactive Study G. Epoetin alfa maintains ribavirin dose in HCV-infected
patients: a prospective, double-blind, randomized controlled study. Gastroenterology 2004; 126: 1302-11.
Sung H, Chang M, Saab S. Management of hepatitis C antiviral therapy adverse effects. Curr Hepat Rep
2011; 10: 33-40.

Collantes RS, Younossi ZM. The use of growth factors to manage the hematologic side effects of PEG-
interferon alfa and ribavirin. J Clin Gastroenterol 2005; 39: S9-13.

Fukuchi Y, Furihata T, Hashizume M, Iikura M, Chiba K. Characterization of ribavirin uptake systems in
human hepatocytes. J Hepatol 2010; 52: 486-92.

Boswell-Casteel RC, Hays FA. Equilibrative nucleoside transporters-A review. Nucleos Nucleot Nucl 2017;
36: 7-30.

Thomas E, Ghany MG, Liang TJ. The application and mechanism of action of ribavirin in therapy of hepatitis
C. Antivir Chem Chemother 2012; 23: 1-12.

Dalpiaz A, Pavan B. Nose-to-brain delivery of antiviral drugs: a way to overcome their active efflux?

Pharmaceutics 2018; 10.

51



[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

Jeulin H, Venard V, Carapito D, Finance C, Kedzierewicz F. Effective ribavirin concentration in mice brain
using cyclodextrin as a drug carrier: evaluation in a measles encephalitis model. Antiviral Res 2009; 81: 261-
6.

Ferrara EA, Oishi JS, Wannemacher RW, Jr., Stephen EL. Plasma disappearance, urine excretion, and tissue
distribution of ribavirin in rats and rhesus monkeys. Antimicrob Agents Chemother 1981; 19: 1042-9.

Lin CC, Yeh LT, Luu T, Lourenco D, Lau JY. Pharmacokinetics and metabolism of [(14)C]ribavirin in rats
and cynomolgus monkeys. Antimicrob Agents Chemother 2003; 47: 1395-8.

Ballarin M, Reiriz J, Ambrosio S, Mahy N. Effect of locally infused 2-chloroadenosine, an Al receptor
agonist, on spontaneous and evoked dopamine release in rat neostriatum. Neurosci Lett 1995; 185: 29-32.
Golembiowska K, Zylewska A. Adenosine receptors--the role in modulation of dopamine and glutamate
release in the rat striatum. Pol J Pharmacol 1997; 49: 317-22.

Jana¢ B, Pesi¢ V, Veskov R, Risti¢ S, Tasi¢ J, Piperski V, Ruzdiji¢ S, Jokanovi¢ M, Stukalov P, Raki¢ L. The
effects of tiazofurin on basal and amphetamine-induced motor activity in rats. Pharmacol Biochem Behav
2004; 77: 575-82.

Yoon KW, Rothman SM. Adenosine inhibits excitatory but not inhibitory synaptic transmission in the
hippocampus. J Neurosci 1991; 11: 1375-80.

Qi G, van Aerde K, Abel T, Feldmeyer D. Adenosine differentially modulates synaptic transmission of
excitatory and inhibitory microcircuits in layer 4 of rat barrel cortex. Cereb Cortex 2017; 27: 4411-22.

Franco R, Lluis C, Canela EI, Mallol J, Agnati L, Casado V, Ciruela F, Ferre S, Fuxe K. Receptor-receptor
interactions involving adenosine Al or dopamine D1 receptors and accessory proteins. J Neural Transm
(Vienna) 2007; 114: 93-104.

Cechova S, Elsobky AM, Venton BJ. Al receptors self-regulate adenosine release in the striatum: evidence
of autoreceptor characteristics. Neuroscience 2010; 171: 1006-15.

Ciruela F, Gomez-Soler M, Guidolin D, Borroto-Escuela DO, Agnati LF, Fuxe K, Fernandez-Duenas V.
Adenosine receptor containing oligomers: their role in the control of dopamine and glutamate
neurotransmission in the brain. Biochim Biophys Acta 2011; 1808: 1245-55.

Kim DS, Szczypka MS, Palmiter RD. Dopamine-deficient mice are hypersensitive to dopamine receptor

agonists. J Neurosci 2000; 20: 4405-13.

52



[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

Szczypka MS, Kwok K, Brot MD, Marck BT, Matsumoto AM, Donahue BA, Palmiter RD. Dopamine
production in the caudate putamen restores feeding in dopamine-deficient mice. Neuron 2001; 30: 819-28.
Fastbom J, Pazos A, Palacios JM. The distribution of adenosine A1 receptors and 5'-nucleotidase in the brain
of some commonly used experimental animals. Neuroscience 1987; 22: 8§13-26.

Kim DS, Palmiter RD. Adenosine receptor blockade reverses hypophagia and enhances locomotor activity of
dopamine-deficient mice. Proc Natl Acad Sci U S A 2003; 100: 1346-51.

Lin CC, Yeh LT, Lau JY. Specific, sensitive and accurate liquid chromatographic-tandem mass spectrometric
method for the measurement of ribavirin in rat and monkey plasma. J Chromatogr B Analyt Technol Biomed
Life Sci 2002; 779: 241-8.

Li W, Luo S, Li S, Athill L, Wu A, Ray T, Zhou W, Ke J, Smith HT, Tse FL. Simultaneous determination of
ribavirin and ribavirin base in monkey plasma by high performance liquid chromatography with tandem mass
spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci 2007; 846: 57-68.

Zironi E, Gazzotti T, Lugoboni B, Barbarossa A, Scagliarini A, Pagliuca G. Development of a rapid LC-
MS/MS method for ribavirin determination in rat brain. J Pharm Biomed Anal 2011; 54: 889-92.

Grebely J, Haire B, Taylor LE, Macneill P, Litwin AH, Swan T, Byrne J, Levin J, Bruggmann P, Dore GJ,
International Network for Hepatitis in Substance U. Excluding people who use drugs or alcohol from access
to hepatitis C treatments - Is this fair, given the available data? J Hepatol 2015; 63: 779-82.

Phillips KA, Epstein DH, Preston KL. Psychostimulant addiction treatment. Neuropharmacology 2014; 87:
150-60.

D'Souza MS. Brain and cognition for addiction medicine: From prevention to recovery neural substrates for
treatment of psychostimulant-induced cognitive deficits. Front Psychiatry 2019; 10: 509.

Jones DN, Holtzman SG. Influence of naloxone upon motor activity induced by psychomotor stimulant

drugs. Psychopharmacology (Berl) 1994; 114: 215-24.

53



	Blank Page

