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Abstract 

Agitation is common amongst individuals who have taken methamphetamine (METH) 

when they arrive at the emergency room (ER). Fentanyl (FENT) and other opioids can mask this 

agitation which could then unexpectedly present after the reversal of these drugs by naloxone 

(NLX). Commonly used medications for agitation caused by METH include benzodiazepine 

sedatives (like alprazolam and similar drugs), but these drugs can produce dangerous sedation 

and inhibition of breathing when combined with opioids such as FENT. Therefore, the purpose 

of this MS thesis project was to use a rat model of METH-FENT overdose to test the ability of 

opioid antagonist NLX and d2 agonist sedative dexmedetomidine (DEXMED) which has 

minimal effect on breathing (even when combined with opioids) to safely and effectively inhibit 

the effects of both FENT and METH. Experiments tested for a reduction in agitation by 

measuring animal movement and safety by monitoring heart and breathing function. METH-

induced locomotor activity was significantly reduced after the NLX administration at all 

DEXMED doses tested (p<0.05) to a level similar to rats not administered METH. Blood 

oxygenation was not reduced by NLX-adjunctive DEXMED in METH treated rats, but it was 

significantly reduced in the absence of METH. Heart rate was significantly reduced in both 

DEXMED treated groups, but METH partially attenuated this effect. 
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Chapter 1: Introduction 

Background  

 Substance Use Disorder (SUD) is a significant issue which impacts public health, the 

economy, and societal well-being. The United States faces an extensive and growing SUD 

problem, with opioids being a major contributor. Regions like Appalachia and states like West 

Virginia are particularly hard-hit due to geographic isolation, economic hardship, and limited 

access to healthcare. These factors contribute to higher rates of illicit substance use and related 

deaths, highlighting the need for targeted interventions. The societal problems associated with 

SUD include a strain on public health systems, an immense economic burden, and numerous 

social consequences such as strained relationships and increased crime rates. Stigma and 

discrimination further complicate the issue, discouraging individuals from seeking help and 

affecting resource allocation for treatment programs (1). 

Acute intoxication and with co-administered methamphetamine (METH) and opioids, 

particularly fentanyl (FENT), is increasing continentwide and is a significant societal concern 

(2). Although current treatments for opioid overdose involve the administration of naloxone 

(NLX) which is highly effective for reversing the effects of opioids it does not reduce METH-

related effects such as agitation and aggressiveness. METH users frequently present danger to 

first responders and clinicians. In a qualitative study among first responders who handled 

METH-related events, there were many reports of fearing for their own safety and the safety of 

others in the surrounding area due to unpredictable and potentially violent behavior due to 

METH intoxication (3). Whether NLX in combination with other pharmacological agents could 

be used to attenuate the unpredictability in patient response after the reversal of acute opioid-

METH intoxication has not been investigated to our knowledge. 
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Significance of the study 

 Overdoses involving the co-administration of opioids and METH are increasing 

nationwide. Although NLX is effective for reversing opioid overdose it does not prevent patient 

unpredictability or aggression against medical personnel (i.e., due to METH co-intoxication) 

which could negatively affect treatment outcomes and the safety of the patient and the treatment 

team. The purpose of this study was to investigate whether NLX in combination with DEXMED 

is associated with decreased patient agitation in a rat opioid-METH overdose model.  

Hypothesis  

The primary objective of this study was to determine the safety and efficacy of DEXMED 

as an adjunct to NLX to reduce METH-induced agitation unmasked by the NLX reversal of FENT-

induced sedation in combination METH-FENT overdose. We hypothesize that co-administered 

NLX-DEXMED will reduce METH-induced locomotor activity in rats (i.e., a model of METH-

induced agitation) after the NLX reversal of FENT-induced sedation without producing fatal 

reductions in cardiorespiratory function. To test this hypothesis, two specific aims were pursued: 

 

Specific Aim 1. To determine if DEXMED will reduce METH-induced agitation unmasked by 

NLX reversal of FENT-induced sedation. 

Hypothesis: Combination DEXMED-NLX will reduce METH-induced locomotor activity 

in rats after the reversal of FENT-induced sedation. 

 

Specific Aim 2. To determine if NLX adjunctive DEXMED will adversely affect cardiorespiratory 

parameters after the reversal of METH-FENT co-intoxication. 
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Hypothesis: NLX adjunctive DEXMED will not fatally reduce blood oxygenation and 

heart rate in METH-FENT co-intoxicated rats. 
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Chapter 2: Review of the Literature 

Introduction  

A review of the literature pertinent to the present study is discussed in this chapter. The 

discussion includes characterization and severity of opioid use disorder, reasons behind the co-

administration of FENT and METH, and the presentation and current management of acute METH 

intoxication and the complications of opioid involvement and the inadequacies of the current 

standard of care in the context of these co-administered substances. Additionally, we examine the 

issues associated with acute METH intoxication in the absence of opioids and the rationale for the 

use of DEXMED as a NLX adjunct to address the acute toxicities of co-administered METH and 

opioids.  

 

Characterization and severity of opioid use disorder 

The extent of the opioid crisis in the United States is alarming and continues to grow. 

According to the National Survey on Drug Use and Health (NSDUH), millions of Americans are 

affected by SUD, with opioids being a significant contributor. The opioid crisis has caused tens 

of thousands of overdose deaths annually (4), marking a severe public health emergency. Despite 

ongoing efforts to address the issue, opioid-related deaths have increased over recent years. The 

crisis is particularly severe in regions like Appalachia and states such as West Virginia, where 

economic hardship, high prescription rates, and limited access to healthcare exacerbate the 

problem (5). The widespread availability of synthetic opioids like fentanyl has further fueled the 

crisis, leading to more potent and dangerous overdoses. The opioid epidemic has profound 
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implications for public health, the economy, and social stability, necessitating comprehensive 

and sustained efforts to mitigate its impact. 

 

Co-Administration of Opioids and METH: Incidence and Consequences 

From 2015 to 2019, data from the NSDUH have shown a substantial increase in overdose 

deaths involving METH, and this increase is primarily attributed to its combination with opioids. 

This increase cannot simply be explained by increased METH use. Throughout this period, there 

was a 43% increase in METH use in adults aged 18 to 64 (disproportionately involving 

individuals with lower levels of education, lower income, and ongoing legal issues) alongside a 

staggering 180% rise in deaths involving METH (6). Another study found that from 1999-2021 

METH-related mortality rate surged by a staggering 50-fold which was accompanied by a rising 

percentage of these deaths involving heroin or FENT, reaching a peak of 61.2% in the year 2021 

(7). Interestingly, the trend in increasing co-usage of stimulants and opioids can also be observed 

in online spaces. A study of discussions on the popular internet forum, Reddit, which aligned 

with the findings in more traditional epidemiological data sources, provided additional insight 

showing an increase in METH use amongst patients being formally treated for opioid use 

disorder (8).  

Indeed, the patterns of drug overdose in the US are dynamic and the geography of use is 

major factor. It has been shown that the percentage of US overdose deaths involving both FENT 

and stimulants have substantially increased in recent years (rising from 0.6% in 2010 to 32.3% in 

2021, with a sharp increase starting in 2015) (9). Initially, FENT was most commonly found 

alongside prescription opioids, benzodiazepines, and alcohol. The pattern of use, however 
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differentially shifted to heroin-FENT co-involvement in the Northeastern states in the mid-

2010s, and nearly universally to cocaine-FENT co-involvement by 2021 (which could also likely 

be addressed by our proposed intervention). In contrast, Western states shifted to predominantly 

METH-FENT co-involvement by 2021. The proportion of stimulant involvement in FENT-

involved overdose deaths rose in virtually every state from 2015 to 2021. The rise in deaths 

involving stimulants in general must be understood in the context of a drug market dominated by 

illicit FENT, which has made polysubstance use commonplace and presents novel health risks 

and public health challenges.  

In addition to national trends in the US, this pattern of METH-opioid overdose has been 

seen regionally in both urban and rural areas. For example, in Los Angeles County from 2012 to 

2021, METH-related deaths involving opioids (particularly FENT) more than tripled (10). 

Additionally, more than a quarter of these deaths were caused by cardiovascular issues which 

could be due to the known cardiovascular toxicity of METH (11).  From 2010 to 2022 in King 

County (i.e., Seattle area), 5,815 lives were lost due to overdose, with almost half of those deaths 

occurring more recently within the last 4 years (12). In the final year of the study, FENT and 

METH were predominantly involved in these deaths. In addition to direct drug toxicity, of the 

149 homicides analyzed as a cause of death in this study in 2021, 35% involved a positive 

METH screen. 

Poly substance use of METH and opioids is a major crisis in rural communities as well. 

In a survey of 144 participants in rural Oregon communities, 112 reported opioid use; out of 112, 

96% also reported METH use (5). In West Virginia from 2013 to 2018, METH-combined with 

FENT overdose was involved in 337 deaths (13) while rates of fatal METH-related overdose 

attributed to METH alone remained stable, those involving both METH and FENT or FENT 



7 

analogs increased to a significant margin. Further reflecting the changes in the patterns of 

substance use, deaths involving FENT in the absence of METH decreased, while those involving 

both FENT and METH, as well as METH alone, increased. Rural communities have significant 

challenges dealing with polysubstance use including METH, FENT, and alcohol (1). While the 

public is generally aware of how to address acute opioid toxicity (i.e., NLX rescue), 40% of 

respondents found METH to be a major concern and a substance for which they were least 

prepared to address nor confront (as opposed to approximately 20% for FENT which was listed 

as the second most concerning illicit substance). 

In addition, the acute toxicity of this combination disproportionately affects certain 

populations regardless of geographic location. For example, the 50 years old and above 

population, are disproportionately at risk of extreme complications with co-administration of 

opioids and METH (14). This is concerning as there was a steady increase in exposures to 

individuals 50 and above, from 2015 to 2021, with a notable uptick in METH exposures starting 

in 2018. Despite limitations in the data, such as lack of substance use history, these findings 

paired with the increase of METH overdose death rates may suggest a rise in new users of these 

substances among older adults which is a concern due to the increased toxicity in this population. 

Major effects or death occurred in nearly a 20% of exposures, with associations found between 

co-use of opioids and adverse outcomes. Considering biological sex, men statistically have a 

higher level of hospital admission and overdose death due to concurrent opioid and stimulant use 

compared to women (15). Using datasets spanning from 1992 to 2020, significant variations 

were found in treatment admissions and deaths across demographic groups (16). Also, these 

deaths notably surged among Native American individuals. These findings suggest the 
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immediate need for tailored interventions, especially considering the disproportionate impact on 

specific age, sex, and racial/ethnic groups.  

The increased toxicity of the combination likely involves behavioral factors in addition to 

the direct toxicity of the METH-opioid combination. In Seattle, people who concurrently inject 

METH and opioids (which also had a higher likelihood of experiencing overdose related risks 

compared to either drug alone) reported both increased injection frequency and riskier injection 

practices (17). Similarly in Denver, individuals who co-inject METH and opioids are 

significantly more likely to report an overdose than those who inject either drug alone (i.e., a 2.8-

fold greater incidence compared to those who injected heroin alone) (18).  

In non-fatal overdoses there was a 669% increase in METH-FENT co-exposure from 

2015 – 2021 as determined by National Poison Control data (19). While the increased mortality 

resulting from the combination of METH and opioids is a key concern, it is important to 

remember that acute toxicity adversely affects other health and quality of life outcomes as well. 

For example, METH and opioid combination use is associated with a 99% increase in overnight 

hospital stays, 46% increase in emergency room visits, 2.1 times higher rates of housing 

instability, 1.4 times greater use of social services, and 3.3 times more interactions with the 

criminal justice system compared to individuals using METH alone (20). In Toronto, Canada 

from 2014 to 2021, there was a significant rise in both amphetamine-related (largely METH) 

emergency department visits and inpatient admissions with a notable increase in opioid 

involvements (21). There was also a common co-occurrence of psychotic disorders upon 

presentation in these patients. This is not surprising considering the known risk of METH-

induced psychosis which can occur at variable METH exposures due to genetic differences in 

sensitivity to this comorbidity (22). Taken together, these findings underscore the urgent need for 
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targeted interventions and comprehensive strategies to address the intertwined challenges of the 

acute toxicity produced by combined METH and opioid use in the context of the overdose crisis.  

 

Use of METH and opioid in combination 

 The co-administration of METH and opioids is commonplace. One uninformed on this 

issue may be perplexed as to why this practice is so common. Overall, this can be explained by 

two basic factors: 1) a desire to modify or enhance the effects of one or both drugs; and 2) 

inadvertent administration of FENT due the adulteration of METH.  

A qualitative study based on interviews in a neighborhood in Vancouver, Canada found 

that the motivation for deliberate co-administration of METH and opioids was to alter or enhance 

the effects of opioids, to alter or enhance the effects of METH, or to balance the effects of both 

drugs simultaneously (23). In a similar qualitative study of West Virginian patients who were 

predominantly focused on using opioids, METH was also co-administered to enhance the 

subjective pleasurable opioid effects and attenuate symptoms of opioid withdrawal, but the 

respondents also mentioned opportunistic co-administration of METH during social gatherings 

due to its low cost and being readily available (24). In a study which featured participants who 

were frequently binging on intravenous crystal METH, participants used heroin to attenuate the 

negative effects of the use pattern of METH in addition to co-administering to produce a 

prolonged more desirable high (25). Similarly, Smith showed that opioids can alter the 

behavioral effects of amphetamines (26). Therefore, there is a degree of motivation to co-

administer both classes of drugs regardless of an individual’s drug of choice.  
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 Patients who use METH in an attempt to ward off opioid withdrawal report obtaining this 

knowledge through both lay knowledge and experimentation (27). This unfortunately often 

encourages opioid users to begin the co-administration of METH and opioids. Notably, in 

timeframes where there are shortages of opioids, individuals would often seek out a more 

available replacement to combat withdrawal, which was oftentimes METH (28). In addition to 

managing withdrawal, a qualitative study of patients in Dayton, Ohio found that participants 

commonly believed that METH could prevent or reverse opioid-related overdoses and many had 

personally used it for this purpose due to challenges accessing NLX and uncertainties about 

overdose symptoms (29). Similarly, survey respondents in rural Oregon actively shifted from 

heroin to METH use as a misguided form of harm reduction (5). 

 Other reasons individuals co-administer METH and opioids can be traced to the 

homelessness crisis in various regions of the U.S. Many unhoused individuals co-administer to 

endure harsh conditions without permanent housing, while many who co-use are more likely to 

become homeless than those who use METH or heroin alone (30). Co-usage is also commonly 

unintentional, as FENT is frequently found in street METH powder (31). However, many 

individuals who use METH are not concerned about the adulteration of substance with FENT 

(30). This is a major issue even compared to intentional combined METH-opioid use as a 

dedicated METH user will not be tolerant to the acute toxicity of opioids (i.e., respiratory 

depression) (32). Incidence of this phenomenon is a concern, in a study of emergency department 

patient presenting with non-fatal overdose, 84% of those who self-reported administering 

stimulants, benzodiazepines, or cannabis without opioids had positive urine screens for fentanyl 

(33). In addition, these patients were less likely to have or know how to acquire NLX than 

individuals deliberately using opioids. Furthermore, in a urine toxicology analysis of 41 
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individuals in Dayton, Ohio who deliberately were administering METH with what was thought 

to be heroin or FENT. There was an abundance of non-pharmaceutical FENT-type drugs which 

included the very potent carfentanil which may increase the unpredictability of this toxicity as 

well (29).  

 

Current Management of Acute METH Intoxication and the Complications of Opioid 

Involvement 

In a qualitative study amongst individuals who were administered NLX during an opioid 

overdose, NLX rescue was viewed as a horrible experience featuring both great confusion and 

heightened emotional responses (34). Regardless, agitation is uncommon with opioid use, and 

NLX rescue rarely produces agitation in scenarios involving acute opioid withdrawal in after 

administration at the hospital (35) or by law enforcement (36). The study of law enforcement 

found, however, some degree of irritability or combativeness when the opioid administered was 

FENT.  

METH, however, more frequently presents danger to first responders and clinicians. In a 

qualitative study among first responders who handled METH-related events, there were many 

reports of fearing for their own safety and the safety of others in the surrounding area due to 

unpredictable and potentially violent behavior resulting from METH intoxication (3). An 

increased incidence of METH-related events from 2011-2012 and another from 2016-2017 found 

a large proportion of incidents to require police intervention and hospital transportation in 

Victoria, Australia (37). In addition to more frequent transportation to the hospital, METH use is 
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also related to prolonged ER stays and increased use of chemical restraint (38). Among patients 

with substance use disorders, METH use was associated with increased ER usage overall (39). 

Various descriptions of stimulant-related (mostly METH or amphetamine-type 

stimulants) emergency department visits found that patients presented varying psychological and 

behavioral concerns such as psychosis, self-harming behaviors, hallucinations, and others. 

Medical concerns also included palpitations, nausea and vomiting, and significant physical 

injuries (40). However, those with METH use disorder presenting with psychosis had a high rate 

of emergency room and acute inpatient care services (41). A Swiss retrospective study on METH 

presentations in the ER found acute presentations within 72 hours of usage, which included 

agitation, hypertension, tachycardia, sleep disturbances, and aggression (42). There are 

biological sex dependent differences in this ER presentation as well. For example, women were 

less likely to become aggressive, but more likely to have psychiatric comorbidities while men 

were more likely to be admitted to the ICU (43). Overall, agitation is a major concern in acute 

METH intoxication as it is dangerous for both the healthcare provider and patient and interferes 

with patient care (3, 37, 40, 42). 

Presentation with combined exposure to METH and opioids is made more challenging by 

the ability of opioids to mask the effects of METH (or vice versa depending on the dose of each 

agent) (44). For example, in a case report, a 30-year-old male was found to have a very high, 

normally fatal FENT blood concentration but was somewhat responsive due to the high 

concentration of METH in his plasma (45). Considering this, our concern is that METH-induced 

agitation and cardiovascular toxicity may be masked by concurrent opioid exposure and rapidly 

unmasked by NLX administration. Some related case studies demonstrate this phenomenon with 
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NLX administration resulting in ventricular tachycardia in a patient concurrently intoxicated on a 

stimulant (cocaine in these cases) and an opioid (46-48).  

Currently METH-induced agitation is managed by the administration of benzodiazepines 

(49), but with the increasing trend of METH-opioid co-use, this therapeutic intervention may 

produce respiratory, depression, coma, or even death if the FENT dose administered is 

inadequately antagonized (50). Antipsychotics (e.g., haloperidol) have been used to manage 

METH-induced agitation and psychosis, but use of these agents causes patients to have an 

increased length of stay compared to not administering drugs of this class (51). High dose 

amphetamine produces additional locomotor activity when administered to rats pre-treated with 

haloperidol (52). ER management of individuals who are acutely intoxicated with METH can be 

resource intensive in general (53). Considering the additional challenges of treating METH-

induced agitation in patients intoxicated with opioids, new therapeutic strategies are needed to 

manage these patients. 

 

Dexmedetomidine (DEXMED) as a Naloxone (NLX) Adjunct for Co-intoxication with 

METH and opioids 

DEXMED is a sedative which works by binding the alpha-2 adrenergic receptor and has 

other beneficial analgesic, antianxiety, and cardiovascular effects (Lee, 2009). In addition to 

being approved for use as a general anesthetic, it was also effective in (54, 55) and approved for 

(56) agitation in patients with bipolar disorder and schizophrenia. While not currently first line 

for METH-induced agitation, it has been shown to effectively treat METH-induced agitation in 

humans even when the agitation was not adequately controlled by the benzodiazepine standard 
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of care (57) and can do so while producing less delirium in patients than benzodiazepines (58). 

Clinically, DEXMED rarely causes respiratory depression in humans alone (59, 60) or when 

combined with opioids (58, 61). For example, in a study involving 69 female patients, the use of 

a combined propofol and remifentanil during a hysteroscopy resulted in 40% incidence of 

respiratory depression. When DEXMED was used in place of propofol, this figure dropped to 

10% (61). The reduced risk of respiratory depression in combination with opioids may make this 

agent particularly suited for use in a patient co-intoxicated with METH and opioids. 

 Another advantage of this agent is that it is absorbed by a variety of routes of 

administration including the sublingual (55, 56), intramuscular and intranasal routes (62) which 

could be useful in a particularly agitated patient for which it is challenging or impossible to place 

an intravenous line. Unlike the standard of care benzodiazepines (DEA Schedule IV), DEXMED 

is not scheduled by the DEA (59) which improves the ease of both ordering and recordkeeping 

for clinicians. It also has physiochemical properties which allow for co-formulation with NLX 

(63) which may be useful in known cases of simultaneous METH-opioid intoxication. 

The most reported adverse effects of DEXMED are cardiovascular (e.g., hypotension and 

bradycardia) (59), but considering the cardiovascular effects of METH (e.g., hypertension and 

tachycardia) (11), this may be beneficial in the treatment of METH-induced agitation alone or 

after the NLX reversal of opioid induced sedation masking these METH effects. The agent 

should be administered with care as while higher doses of DEXMED result in increased 

sedation, they also cause significant decreases in heart rate, cardiac output, and stoke volume 

(64). 

 In summary, there has been a rise in overdose deaths due to the combination of opioids 

with METH which is reflective of the rising trend of polysubstance abuse posing intense health 
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risks. METH and opioid co-administration is rampant despite the intense health risks due to the 

adulteration of METH with FENT and the motivation of individuals to alter the effect of one or 

both drugs. Treating acute toxicity of this co-administration is difficult due to the METH-

induced agitation and cardiovascular toxicity. Benzodiazepines are currently indicated for 

METH-induced agitation, but when opioids are present, benzodiazepines could potentially 

produce additional respiratory depression. Therefore, DEXMED, which produces sedation with 

minimal risk of respiratory depression, is likely to show promise as a potential adjunct to NLX in 

the management of patients co-intoxicated with METH and opioids.  
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Chapter 3: Co-administration of NLX and DEXMED to simultaneously reverse acute 

effects of FENT and METH in rats 

Abstract 

Agitation is relativity rare after naloxone (NLX) reversal of opioid intoxication, but it is a 

common feature of methamphetamine (METH) intoxication. Since METH-induced agitation can 

be masked by opioid-induced sedation, NLX administration in the increasingly common 

occurrence of combined METH-opioid could potentially be dangerous for both patients and 

healthcare providers. This study examined the effectiveness of dexmedetomidine (DEXMED), 

an α2 agonist sedative, in reducing METH-induced agitation following NLX reversal of fentanyl 

(FENT)-induced sedation in rats. The results showed that DEXMED significantly reduced 

METH-induced locomotor activity without impacting blood oxygenation, although heart rate 

was reduced. These findings suggest that NLX-adjunct DEXMED may be a safe and effective 

treatment for combined METH-opioid intoxication, though clinical testing is necessary. 

Introduction 

METH-induced agitation is a major concern upon presentation in METH-intoxicated 

patients (3, 37, 40, 42), and opioids can mask these effects in humans (44). Opioid antagonist 

NLX can unmask these effects, as a result, we targeted the reduction in agitation for our major 

endpoint. We used METH-induced locomotor activity as an animal model of agitation based on 

previous studies (65-67) and the relevance to the pathophysiology of agitation. The severe 

restlessness and motion involved in agitation is produced by supraphysiological release of 

neurotransmitters such as dopamine, norepinephrine, acetylcholine, and glutamate with an 
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inadequate release of serotonin and GABA (68, 69). METH produces locomotor activity by 

producing supraphysiological release of both dopamine and norepinephrine (70).  

Considering that we wanted to recreate the human phenomenon of opioids 

physiologically antagonizing the effects of METH (44), we chose rats rather than mice for this 

study. This is due to opioids producing increased locomotor activity in mice in contrast to 

producing sedation in rats (71) which is more comparable to the drug’s effect in humans.  

The subcutaneous (SC) route was chosen because METH is 100% bioavailable by this 

route in rats and is absorbed quickly enough to produce both a level and pattern of locomotor 

activity similar to that produced by an intravenous dose (72). This is clinically relevant because 

illicit METH is mostly administered through rapidly absorbed routes of administration in humans 

including inhalation by smoking, intranasal insufflation, and intravenous injection (73). The 1 

mg/kg METH dose was chosen due to its consistency in producing a robust locomotor response 

in rats (72, 74).  FENT was administered as the opioid in this study due to its increasingly 

common co-involvement in human METH overdose mortality (7, 10) and adulteration of the 

illicit METH supply (30, 31). The 0.1 mg/kg dose of FENT was chosen based preliminary 

studies which showed it to reliably inhibit the locomotor effects produced by up to 3 mg/kg SC 

administered METH in rats over the course of 15 minutes.  

Groups of rats not administered METH (i.e., intoxication with FENT alone) were added 

to the study to test the tolerability of our intervention when METH is not present. This was 

important as while DEXMED has been shown clinically to attenuate METH-induced agitation 

(57), amphetamine is known to reverse the sedative effects of DEXMED in rats (75). After rats 

were injected with FENT ± METH, they were placed into a secondary chamber prior to NLX ± 

DEXMED reversal to minimize the disturbance of animals in the open field behavior chambers 
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where the locomotor activity data is collected. This decision was made based on the DEXMED 

in humans can produce unique type of sedation in which the patient is more easily awakened and 

is able to follow basic directions (60). After the locomotor studies, we performed an additional 

test to determine DEXMED’s effect on cardiovascular (i.e., heart rate) and respiratory (i.e., 

blood oxygenation as SpO2%) parameters in this preclinical scenario (i.e., an aggressive dose of 

DEXMED with no respiratory support in the presence of FENT ± METH and potentially 

incomplete reversal of FENT by NLX).  

Materials and Methods 

Drugs and Chemicals 

(+)-METH hydrochloride provided by Sigma Aldrich was dissolved in sterile normal 

saline to make a 1 mg/ml free base solution which could be administered easily in at 1 ml/kg 

(i.e., 300 µl solution administered to a 300 g rat). FENT (human grade) was provided in solution 

at 0.05 mg/ml free base by Hikma Pharmaceuticals (Berkeley Heights NJ). This required 

administration at 2 ml/kg to produce the desired 0.1 mg/kg dose. NLX hydrochloride (human 

grade) at 0.4 mg/ml was provided by Viatris (Canonsburg, PA) and Hikma Pharmaceuticals. For 

the non-DEXMED treated groups it was diluted in normal sterile saline alone to 0.1 mg/ml. For 

the DEXMED treated groups, it was co-formulated with DEXMED at this concentration prior to 

daily experiments. The veterinary grade DEXMED hydrochloride at 0.5 mg/ml free base was 

provided by Dechra (Cheshire, CT). It was diluted to 0.032, 0.056, or 0.1 mg/ml in combination 

with the 0.1 mg/ml NLX at the start of each experimental day. NLX ± DEXMED was 

administered at 1 ml/kg. All drugs were administered via the SC route. 
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Animals 

 Male Sprague Dawley rats weighing 212-251g and aged approximately 6-7 weeks old 

were obtained from Hilltop Lab Animals (Scottsdale, PA) n = 8 in all four experimental groups. 

These rats were housed two per cage in a climate-controlled room in the Robert C. Byrd 

Biotechnology Science Center at Marshall University under a 12 hr on/12 hr off light cycle, a 

temperature of 21-22°C, and humidity of 40-55%. These parameters were monitored by a 

Centron system (Raes Scientific, Trenton NJ). The animals were provided with ad libitum 

Rodent Diet 5001 (LabDiet, St Louis MO) and filtered water. Animals were handled by 

investigators with utmost care and gentle handling (see section below). The experiments 

conducted were in accordance with the Guide for the Care and Use of Laboratory Animals as 

adopted by the National Institutes of Health and was approved by the Marshall University 

Institutional Animal Care and Use Committee (protocol #821). 

Detailed notes on animal handling 

Excessive force was never used to restrain an animal. Rats were handled as gently as 

possible to maintain their calmness. If they became uncomfortable, the rats would let one know 

by vocalization (i.e., a squeak) or full body movement to escape restraint (typically both). We 

made all efforts to prevent these behaviors by focusing on rat comfort outside of any planned 

experimental intervention. We did this by handling the rats prior to the experiments, for at least 

10 min beginning at least 2 days before conducting any experiments. When conducting the 

handling we use a standardized blue fabric surgical towel. This towel was wrapped around the 

entire body of the rat and no body parts exposed for the initial handling of the rat. Once wrapped 

the rat should be either held on a flat surface or the lap of a person. The superior handling 

position is debatable as the flat surface gives them stability and is used with the rat covered in a 



20 

towel to administer injections during the study, but a person’s lap provides warmth and could 

possibly aid in comfort when first being held. A hand should always be placed on top of the rat 

during handling to apply slight pressure to simulate and prepare for restraint during injections. 

This also provides some warmth aiding in comfort. After at least one session of handling the rat, 

we give a slight pull of their skin on their backs to stimulate the start of an injection, as well as a 

very gentle pinch. The rat is never pinched too forcefully to prevent any aversion to the towel 

prior to the start of these experiments.  Overall, we attempt to be mindful and make every effort 

to maintain the comfort of the animals and give them some leniency in movement while in the 

towel to not completely restrain them.  In addition, since the MouseOx Plus pulse oximeter was 

used in these experiments, the rats were handled in the blue towel for five of the ten minutes 

wearing a training collar which simulates the collar detector which interfaces with the 

instrument. The rats gently chewed after they acclimated to the towel and sometimes let out an 

audible clicking. After the handling procedure, some rats even gently chewed on the gloves of 

the researcher handling them. Once the experiments began the rats were handled throughout, so 

there was no need for the researcher to spend dedicated time acclimating the rats.   

 

Overall Experimental Design 

All animal experiments were conducted in the Robert C. Byrd Biotechnology Science Center at 

Marshall University in a dedicated laboratory that was maintained at approximately 24°C. There 

were four experimental groups. All four groups were administered FENT as an intoxicant with 

two groups additionally being administered METH. Likewise, all four groups were administered 

NLX as a reversal agent with two of these groups being administer DEXMED.  
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Table 1 Experimental Schedule: The overall experimental design displaying the experiments 
conducted on each day.  

Considering this, we have described the groups based on the agents administered. SAL 

being listed first denotes the administration of FENT alone as an intoxicant. SAL listed second 

denotes NLX alone as a reversal agent. METH being listed first or DEXMED being listed last 

denotes that they were added to FENT as an intoxicant or NLX as a reversal agent, respectively 

 METH-SAL 

 METH-DEXMED 

 SAL-SAL 

 SAL-DEXMED 

See the above schematic for the drug exposures in each group on each experimental day. 

 

Locomotor Activity Studies 

 On days 0-3, rats were SC administered 0.1 mg/kg FENT immediately prior to SC 

administration of 1 mg/kg METH or SAL at a separate site prior to being placed into an empty 
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rat cage as FENT produced sedation (note: bedding was removed to avoid obstruction of 

breathing in sedated rats). In addition, it prevented the disturbance of other rats in the primary 

chambers who had already been administered DEXMED since the drug produces a unique state 

of sedation with the potential for arousal by external stimuli when needed (60). A secondary 

camera was used to record this 15-minute session prior to reversal to later be scored by a blinded 

observer for detection of any body movement to verify the FENT-induced sedation.  

Rats were SC administered 0.1 mg/kg NLX alone or co-formulated with 0, 0.032, 0.056, 

or 0.1 mg/kg DEXMED (on days 0, 1, 2, and 3, respectively) 15 min after FENT ± METH 

administration and placed into a 58 cm x 58 cm x 74 cm polyethylene open-field chamber.  Five 

hrs of locomotor activity were measured with overhead cameras interfaced with the Ethovision 

14 software automated behavioral analysis software (Noldus Information Technology, Inc., 

Sterling, VA). Data was reported both as total distance traveled and distance traveled in 5-minute 

bins to allow for the determination of pattern activity over time. Note that additional free-

standing lights were added to minimize shadows in the behavioral chamber and improve body 

detection by the automated behavioral analysis system. 

 On day 0, rats were administered either 0.1 mg/kg FENT ± 1 mg/kg METH followed 15 

min later by 0.1 mg/kg NLX prior to the measurement of locomotor activity. The total distance 

traveled within the FENT and FENT + METH treated groups was used to match pair the animals 

into the SAL-SAL/SAL-DEXMED and METH-SAL/METH-DEXMED groups, respectively 

(i.e., comparable average activity in the paired groups). Daily escalation of DEXMED doses to 

0.032, 0.056, and 0.1 mg/kg co-formulated with 0.1 mg/kg NLX were administered on days 1, 2, 

and 3, respectively in the SAL-DEXMED and METH-DEXMED groups. The SAL-SAL and 

METH-SAL groups were repeatedly administered NLX alone on these days. 
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 Three days before the first drug administration (i.e., day -3), all animals were SC 

administered saline in the place of FENT and METH and were held in the secondary pre-reversal 

chambers for 15 minutes. They were then placed into the open field behavioral chambers for the 

baseline locomotor activity measurements. The rats received 2 ml/kg of normal sterile saline and 

1 ml/kg of normal sterile saline to mimic the same volumes that are used for the FENT and 

METH administrations, respectively. No injections were made to mimic the reversal agents NLX 

± DEXMED as the rats would be under FENT-induced sedation and analgesia and not sense the 

reversal agent injection.  Rat weight data was collected on all experimental days and 1 day after 

the final drug administrations in the locomotor study as well. 

 

Heart Rate and Oxygen Measurement Studies 

 On experimental day 8 the rats were placed into the standard rat cages with bedding 

removed for the baseline measurements of the HR and SpO2 using the MouseOx Plus system 

(STARR Life Science Corp., Oakmont PA) interfaced with the collar sensor which can be used 

in conscious rats. The 0.1 mg/kg FENT ± 1 mg/kg METH administration from the locomotor 

study was repeated on day 9 followed by the rats being placed into the standard rat cage. The 

collar sensor was applied to the sedated rat approximately 10 min after FENT ± METH 

administration to start measurement of the cardiorespiratory parameters. The NLX ± DEXMED 

was administered at 15 minutes post FENT ± METH administration as the rat continued to lie in 

the cage. The HR and SpO2 measurements continued until either stable values were measured or 

10 mins post reversal. If values were still increasing, the measurements at 10 mins were still 

used. The average values for both parameters from a stable 10 second span were reported as 

described by Raleigh et al. (76).  
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 Note that we determined that the MouseOx Plus system would more effectively detect rat 

cardiorespiratory parameters (i.e., to start data collection within the desired time point) if the 

software was closed and re-opened between rats. The “optimization” box was checked until the 

red and yellow real-time signal was mostly aligned and produced a repetitive pattern which had a 

wavelength which only uses a fraction of the viewing area (i.e., approximately 10 – 20%). When 

this is achieved, the “optimization” box was unchecked. If this did not produce a reliable signal, 

we readjusted the collar around the rat’s neck and/or verified that the cables were correctly 

connected to the system. Body temperature data was collected as an additional measure of safety 

just after the collection of the day 9 HR/SpO2 data. 

 

Additional Detail on MouseOx Plus Operation:  

 Using MouseOx Plus (STARR Life Sciences Corp, Oakmont PA) for the HR and SpO2 

data collection we followed a pattern of learning how to best utilize the equipment. The 

equipment was slowly tuned to give reliable and usable data. This was accomplished in the 

following ways:  

 When dealing with the fur of the rats, we shaved the rats on the locations in which the 

collar will interface with the animal. This insured that even though we used white rats for this 

experiment (black rats must be shaved to use this equipment properly), we were still able to get 

the infrared light to penetrate the skin and acquire the readings. We also maintained a rat housing 

chamber that was familiar to them and devoid of bedding to ensure we did not have any loss of 

SpO2 due to the nose of the rat from being obstructed and reducing breathing during sedation. 

When placing the collar onto the specimen the light of the collar should be placed on the right 
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lateral side of the rat. Once placed, one of the researchers involved can maintain a low amount of 

tension on the collar cord to make sure the movement of the specimen doesn’t cause the collar to 

fall off or be moved out of position. The other researcher operating the computer restarted the 

program for each rat to ensure that the calibration doesn’t carry over from the previous specimen. 

Once opened, it was ensured that the correct settings for the kind of test, specimen, and collar 

being used were selected (i.e. the large collar is marked). When beginning testing we lowered the 

sensitivity to movement slider down to be less sensitive to movement to better gather results. 

With a sedated rat, the slider is typically left in the center due to there being little to no 

movement from the specimen. The check box to calibrate the collar should be run first before 

gathering data. After calibration is complete there will be a constant pattern of peaks and values 

of moderate range which fit nicely in the pulse pattern screen. After this pattern is shown begin 

collecting results and time them accordingly for efficient bookkeeping. Re-calibration can be 

done during the collection of data if the collar of the specimen is removed and re-equipped. The 

system tries to collect more data than needed so it is recommended to uncheck the boxes of data 

that do not need to be collected to ensure the scientist can focus on the results of interest being 

collected. Stable readings can be a sign that the system is correctly collecting data but beware 

that the data may be shifted due to other elements such as the specimen hunching, moving, or 

performing erratic treatments. 

 

Data and Statistical Analysis 

  Locomotor activity for each group was graphed over time in 5 min average bins + 

standard deviation.  Mean bars surrounded by scatter plot data were used to report total distance 

traveled (locomotor activity during full 5 hr trial). Mean lines surrounded by scatter plot data 
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were used to report HR and SpO2 data. The percentage weight change (from day 0 pre-drug 

exposure weights) and temperature data were plotted as mean and standard deviation for each 

group. A one-way ANOVA was used to compare temperature data between groups. All other 

data was analyzed with two-way ANOVA tests using the experimental day/increasing DEXMED 

dose (when administered) as the within-subjects factor and the drug combination administered 

(i.e., experimental group) as the between-subjects factor. If significance was found with the 

ANOVA test, a Holm-Šídák's multiple comparisons test was performed. The statistical analysis 

was performed with GraphPad Prism V9 (La Jolla CA).  

Results 

Locomotor Data 

 The treatment blinded scoring of animal body movements for ~15 min after FENT ± 

METH administration showed that there was minimal rat activity from the FENT-induced 

sedation before the reversal NLX ± DEXMED administration (Fig 1).  
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Figure 1: Movement scoring data. Note that each graph is labeled with DEXMED dose (if 
administered) and experimental day in parenthesis. 
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Figure 2: Average post- NLX ± DEXMED reversal total distance traveled data (i.e., data from 
full 300 min trial). *Significant difference compared to SAL-SAL and SAL-DEXMED groups (p 
< 0.05). #Significant difference compared to SAL-METH, SAL-SAL, and SAL-DEXMED groups 
(p < 0.05). 
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Figure 3: Locomotor activity over time.  Note that each graph is labeled with DEXMED dose (if 
administered) and experimental day in parenthesis. 
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The rats were matched paired by using the data collected on day 0 into the METH-SAL 

and METH-DEXMED or SAL-SAL and SAL-DEXMED groups (Fig 2). Since there was a 

statistically significant interaction between the experimental day and treatment group 

[F(12,112)= 13.1, p <0.0001], a post hoc Holm-Sidak’s multiple comparisons test was conducted 

to compare the different experimental groups on each of the day of the study. On day 0, both 

METH treated groups (METH-SAL and METH-DEXMED) had significantly (p<0.05) greater 

locomotor activity (as total distance traveled) compared to the groups not receiving METH 

(SAL-SAL and SAL-DEXMED). The activity in the METH-SAL group was significantly greater 

than that in all the other groups on days 1-3. Therefore, all administered doses of DEXMED 

reduced post-FENT reversal METH-induced locomotor activity to a level comparable to the 

groups not receiving the METH.  

 The average distance traveled in 5-minute intervals, (+SD) over time after the NLX ± 

DEXMED administration at 0 minutes illustrates the pattern of locomotor over time (Fig 3). On 

day 0 (i.e., prior to DEXMED administration on days 1-3), all the groups initially expressed 

increased locomotor activity after NLX was injected. In the METH-SAL and METH-DEXMED 

groups, activity increased over the 15 mins. In the SAL-SAL and SAL-DEXMED groups there 

was a decrease in activity over this period. Note that the mostly superimposable activity in the 

METH-SAL/METH-DEXMED and SAL-SAL/SAL-DEXMED groups on day 0 further 

demonstrates the effectiveness of our match pairing based on total distance traveled data from 

this day (Fig 3). Plotting the data in this manner also showed that there was a delayed two-hour 

period of lower level but detectable locomotor activity in the absence of DEXMED regardless of 

the presence of METH.  
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Cardiorespiratory/Weight/Temperature Data: 

 The blood oxygenation (SpO2), cardiovascular (HR), and temperature parameters were 

measured on day 9 with the highest DEXMED dose (0.1 mg/kg) as measures of safety (i.e., to 

determine if there were any unexpected adverse reactions between the any incompletely 

antagonized FENT and NLX co-administered DEXMED) (Fig 4).  

  

Figure 4: Baseline and post-NLX ± DEXMED reversal of fentanyl ± METH SpO2 and HR. 
The solid lines depict average values within each group. *Statistically significant difference 
compared to METH-SAL, METH-DEXMED, and SAL-SAL groups (p<0.05). #Statistically 
significant difference compared to METH-SAL, SAL-SAL, SAL-DEXMED groups (p<0.05). 
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A statistically significant interaction was found between experimental day and treatment 

was found in the SpO2 safety study [F(3,28) = 7.505, p = 0.0008]. Therefore, a post-hoc Holm-

Šídák's multiple comparisons test was conducted to compare the experimental groups on both the 

baseline (day 8) and experimental (day 9) days of the study. There were no significant 

differences between the groups in day 8 baseline measurements despite match pairing being 

based solely on locomotor activity data. There were no significant differences between the SpO2 

measurements in the METH-SAL, METH-DEXMED, and SAL-SAL groups. However, there 

was significantly lower SpO2 in the SAL-DEXMED group compared to the other three groups. 

The HR data similarly also showed a statistically significant interaction [F(3,28) = 14.57, p < 

0.0001] and was followed up with a post-hoc analysis as well.  As with SpO2, the SAL-

DEXMED group displayed significantly lower HR than all the other groups. There was a 

significant reduction in HR in the METH-DEXMED compared to the SAL-SAL and SAL-

METH (i.e., the non-DEXMED treated groups), but the HR in this group was significantly 

greater than the SAL-DEXMED group.  
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Figure 5: Post-SpO2/HR Temperature. *Statistically significant difference compared to METH-
DEXMED group (p<0.05). #Statistically significant difference compared to METH-SAL group 
(p<0.05). 

Since we detected significant differences in body temperature using a one-way ANOVA 

[F(3,28) = 12.07, p < 0.0001], we performed a post-hoc analysis and found that temperature was 

significantly lower in the SAL-SAL and SAL-DEXMED groups compared to the METH-

DEXMED group and significantly lower in the SAL-DEXMED group compared to the METH-

SAL group (Fig 5). These data provide some evidence that DEXMED may not attenuate the 

hyperthermic effects of METH. 

In the percent weight change data (Fig 6), there was a statistically significant interaction 

between the experimental day/DEXMED dose and treatment [F(9,84) = 2.333, p = 0.0212], 

therefore we performed a post-hoc analysis. This analysis showed that by day 3 (i.e., 24 hrs after 

the 0.056 mg/kg DEXMED dose), the % weight change in the METH-DEXMED, SAL-SAL, 

and SAL-DEXMED groups was significantly greater than the METH-SAL group. 
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Figure 6: Percent weight change compared to pre-FENT ± METH baseline. Note 
measurements were collected 24 hours after the listed DEXMED dose (if administered) on the 
experimental day shown in the parenthesis. *Statistically significant difference compared to 
METH-SAL (p<0.05). 
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Discussion 

 Chronic co-exposure of opioids and METH worsens the NLX-induced withdrawal (77). 

Since agitation is a major concern in acute METH exposure in humans (3, 37, 40, 42), these 

enhanced withdrawal symptoms could further worsen agitation after NLX administration in 

those who are chronic users of both opioids and METH. Low doses of FENT enhance the low 

dose METH-induced locomotor activity (78), therefore incomplete reversal of FENT (i.e., which 

may be like low FENT concentrations) could potentially enhance agitation in humans as well.  

We believe that our lab was the first to demonstrate NLX reversing the opioid-induced 

sedation masking the locomotor effects of METH in rats. Our study showed that DEXMED co-

formulated with NLX could significantly reduce METH-induced locomotor activity (as a 

surrogate measure of agitation in humans) after the reversal of FENT-induced sedation in rats. 

Indeed, the DEXMED attenuation of post-NLX METH-induced locomotor activity was so 

considerable that activity in these rats was comparable to that of rats not treated with METH 

(Figs. 2 and 3). METH enhances the release of dopamine and norepinephrine which is involved 

as a major factor in the pathophysiology of agitation (68). When NLX-DEXMED is 

administered, the NLX antagonizes the FENT-induced sedation which masks METH-induced 

agitation. The DEXMED reduces this agitation by selectively activating the α2 receptors in the 

locus coeruleus to reduce noradrenergic activity in sympathetic nervous system and elsewhere 

and to produce sedation which is more like normal sleep than sedation produced by more 

traditional sedatives (79, 80). While DEXMED has not yet been used for chemical restraint in 

adjunct with NLX in METH-opioid co-exposure in humans, it has been safely and effectively 

used for this METH-induced agitation in the absence of opioids in humans (57). In addition to 

providing additional controls, we included the non-METH treated groups to test the safety of 
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NLX-DEXMED when agitation is due to a non-stimulant cause. This is important as 

amphetamines are known to reverse the effects of DEXMED’s sedative effects (Kato et al., 

2021). While the animals in the SAL-DEXMED group were profoundly sedated for a prolonged 

period of time (Fig 3), there was no mortality in this or any of the experimental groups.  

 In our study we used an aggressive 0.1 mg/kg dose of DEXMED to determine if blood 

oxygenation would be severely impaired in combination with FENT if NLX reversal of FENT’s 

effects was inadequate. During the cardiorespiratory data collection, it was shown that NLX-

DEXMED did not significantly impair the recovery of blood oxygenation (i.e., SpO2%) in the 

presence of METH. There was, however, a significant yet non-fatal reduction in these values 

when METH was not present (Fig.4). This respiratory depression caused by DEXMED in rats is 

consistent with the literature (81-83). Intravenous doses of DEXMED produced reductions in 

SpO2 with lower doses than our experiments (0.005 and 0.05 mg/kg), but this could be due to 

DEXMED being administered via IV bolus or the rats being studied in chambers with controlled 

airflow (84) which differed with our study in which open chambers provided ample airflow to 

the animals. Regardless, 0.01 and 0.03 mg/kg doses of DEXMED administered intraperitoneally 

do not enhance alfentanil-induced respiratory depression in rats (85).  In a study that used higher 

dose of SC DEXMED than our study (0.25 mg/kg) in combination with SC tramadol (low 

potency opioid), tiletamine (dissociative anesthetic), and zolazepam (benzodiazepine analogue), 

the four agents did not suppress blood oxygenation in rats that were also supplemented with 

100% oxygen through a nose cone (86). Therefore, if DEXMED is used in a healthcare setting a 

simple safety measure such as supplemental oxygen may prevent this issue.  In another study, a 

very high 1 mg/kg intraperitoneal DEXMED (plus ketamine) dose produced respiratory 

depression, which was reversible by potent, selective α2 antagonist atipamezole (83). This 
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intervention could potentially be used clinically if a patient had severe DEXMED-induced 

respiratory depression due to excessive administration or patient sensitivity (i.e., in geriatric 

populations (62)) if oxygen supplementation did not suffice. Regardless, in the event of any 

future clinical trials of DEXMED in the scenario simulated by our preclinical study, clinicians 

should be adamant in monitoring respiratory parameters despite the low-risk respiratory 

depression with DEXMED. This is especially important as the combination of METH, FENT, 

and DEXMED in humans may produce unpredictable effects. In our future studies, we will 

evaluate the use of oxygen supplementation prevent DEXMED’s effect on blood oxygenation 

with even more aggressive doses of DEXMED which might be needed for higher dose, age and 

more severe METH-induced agitation.  

 In both groups administered DEXMED (i.e., METH-DEXMED and SAL-DEXMED), 

the average HR was significantly reduced compared to both groups not administered DEXMED 

(Fig 4). There was a more substantial reduction in the SAL-DEXMED group (i.e., without 

METH) which was significantly reduced compared to the METH-DEXMED group. 

Amphetamines are known to reverse DEXMED-induced sedation (75). The reduction in 

DEXMED’s suppression of cardiovascular and respiratory function in the presence of METH 

shows that amphetamines interact with additional DEXMED effects. Indeed, DEXMED’s 

inhibition of the sympathetic nervous system (79, 80) is known to reduce HR and/or blood 

pressure in both rats (81, 87) and humans (64, 88). In a case in which DEXMED was 

administered to patients with METH-induced agitation after it was inadequately treated with the 

benzodiazepine standard of care, hypotension and bradycardia were a transient issue which was 

resolved simply by lowering the rate of infusion (57). Since high blood pressure and HR are 

common problems upon clinical presentation in METH intoxication (49), the cardiovascular 
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effects of DEXMED may even be beneficial for patient health. Like with respiratory monitoring, 

any future clinical trials of NLX-DEXMED for the treatment of acute combination METH-

opioid intoxication should carefully monitor cardiovascular parameters. We will also continue 

investigating DEXMED and its interactions with METH and FENT on cardiovascular function.  

 Based on the continuously monitored rat body weight data DEXMED has a protective 

effect against the anorexiant effects of METH in rats. The METH-SAL group maintained a 

reduction in rat weight compared to the weights prior to drug exposure and was significantly 

lower than the METH-DEXMED group while not significantly different than the SAL-SAL and 

SAL-DEXMED groups by 24 hours after the first DEXMED dose (Fig 6). These results are 

likely due to the DEXMED inhibiting satiety via the α2 receptor (89). In addition to showing the 

overall tolerability of DEXMED in this preclinical scenario, our data also show that adjunctive 

α2 agonists may help reduce weight loss when stimulants are used for attention deficit 

hyperactive disorder (ADHD). Further investigation is needed to determine if this effect is 

unique to DEXMED or it could be produced by other α2 agonists already indicated for ADHD.  

 

Conclusions 

 In the scenario of FENT-METH co-exposure in rats, DEXMED co-formulated with NLX 

inhibited the rat model of METH-induced agitation (i.e., METH-induced locomotor activity) 

which was unmasked by NLX reversal of FENT induced sedation. The NLX-DEXMED 

combination also produced potentially useful significant reductions in HR without significantly 

affecting blood oxygenation compared to non-DEXMED administration controls. DEXMED can 

potentially produce respiratory depression (62) and commonly produces hypotension and 
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bradycardia (64, 88), but these side effects in a hospital setting would have reduced risk due to 

the availability of supportive measures (e.g., oxygen supplementation, epinephrine, or even 

respirators). These adverse effects likely do however make DEXMED an undesirable option for 

a combination with NLX outside of professional clinical support. In a hospital or other controlled 

clinical setting, DEXMED-NLX may be an effective sedative for chemical restraint in patients 

presenting with certain acute METH-opioid intoxication. DEXMED could also potentially be 

used separately after NLX reversal unmasks METH-induced agitation as well.  Regardless, 

proper cardiorespiratory monitoring and support should be implemented in this clinical scenario.  

The results of this study are encouraging for this possible indication for NLX adjunctive 

DEXMED, but additional studies are still needed to ensure pre-clinical safety and efficacy of 

NLX-DEXMED for the purpose of reversing FENT-METH intoxication. Future directions are 

discussed in Chapter 4. 
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Chapter 4: Conclusions and Future Directions 

Conclusions 

 In this study, we determined that co-administered NLX-DEXMED safely and effectively 

reduced METH-induced agitation unmasked by NLX reversal of FENT-induced sedation in rats 

without fatally reducing measures of cardiorespiratory function. 

Specifically, our data suggest the following:  

1. DEXMED co-formulated with NLX reduced METH-induced locomotor activity 

which was unmasked by NLX reversal of FENT induced sedation.  

2. When METH was present, NLX-DEXMED also reduced HR without significantly 

affecting blood oxygenation.  

Taken together, these data suggest that the addition of DEXMED with NLX will reverse 

the effects of FENT while also reducing the METH-induced agitation level of the patient. HR 

reductions may also be beneficially introduced, reducing tachycardia.  

 

Future Directions 

 While the project described provides valuable proof of concept data in support of 

dexmedetomidine (DEXMED) as a naloxone (NLX) adjunct to treat agitation in combination 

opioid-methamphetamine (METH) overdose, additional preclinical studies are needed. These 

studies are needed to determine the sex differences in the safety and efficacy of this intervention, 

pharmacokinetic characterization of the concurrently administered agents, and consideration of 

the common fentanyl (FENT) adulterant xylazine (XYL). 
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NLX-DEXMED reversal of FENT-METH needs to be tested in female rats to determine 

if there are any sex differences in the safety and efficacy of this novel intervention especially due 

to the known sex-dependent differences in the effects of both FENT and METH. For example, 

both female humans (90) and female rats are more sensitive to METH-induced stimulant effects 

(91) than the males of these species. In addition, both female humans (92, 93) and female rats 

(94) are more sensitive to opioid-induced respiratory depression as well. This study will be 

performed in male rats as well which will facilitate the addition of experimental endpoints and 

the determination of dose dependent effects (i.e., all doses administered in our study were 

effective, the follow-up study will determine the effects of a broader range of doses). The weight 

data in this future study may be of particular interest with female metabolism being different 

than that of males (95).  

Pharmacokinetic characterization of these complex drug exposures (i.e., both initial 

intoxication and subsequent reversal) is needed. We are particularly interested in a potential 

pharmacokinetic interaction between METH and DEXMED since α2 agonists are known to 

increase tubular filtration (96) and METH clearance in both rats and humans has an unchanged 

renal component (97). Indeed, in DEXMED treated rats in our study we crudely detected the 

possibility of an increase in glomerular filtration as substantially greater volumes of urine were 

observed in the open field behavioral chambers compared to rats not treated with DEXMED. 

Since METH is actively transported into the urine of both humans (97) and rats (98), the increase 

in glomerular filtration could result in enhanced unchanged METH clearance by this route of 

elimination (99).  

Our novel intervention also needs to be studied in the context of FENT and XYL co-

administration (i.e., FENT-METH-XYL co-intoxication). XYL is a common low potency (i.e., 
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considerably lower potency than DEXMED) α2 agonist which is therapeutically used as an 

anesthetic in veterinary medicine and is commonly an adulterant of illicit FENT (100, 101). XYL 

is not currently approved for human use but is still commonly involved in illicit drug use both 

purposely and accidentally (i.e. adulteration of other drug supplies) (102).  Our concern is that a 

dose of XYL too low to mask METH-induced agitation, may have a deleterious interaction with 

DEXMED. Future studies will include rats co-intoxicated with XYL-FENT-METH prior to 

reversal with NLX-DEXMED. The XYL dose will be titrated to a with a XYL dose which will 

not attenuate METH-induced locomotor activity. 

DEXMED may also be used as an additional treatment with current stimulant treatments 

for ADHD in low doses to help combat weight loss. Further studies will be conducted with both 

male and female rats with chronic stimulant exposure (i.e. as per clinical treatment of ADHD) to 

track weight changes.  
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Addendum 

Description of Miscellaneous Techniques Not Used in Thesis project 

Mouse Handling 

Very minimal force was used when working with mice. Due to the standard handling 

procedure, it is better to let the mice back into the cage once they loosen the handler’s grip to 

regain proper position. This is precautionary due to the high likelihood that once loose, the mice 

will try and bite the handler. To begin a standard mice restraint, the handler should quickly but 

gently grab the tail approximately half of its length from the base and raise the mouse into 

suspension. Then the handler should place the wire cage topper back on to the cage to prepare for 

the next step. The mouse should then be lowered onto the top of the wire cage topper in a manner 

that forces the forelimbs to grab the cage first. It is recommended to position the forelimbs on a 

wire that is perpendicular to the body with wires also running at a slight incline from head to tail. 

The grip on the tail should be used to pull the body of the mouse into a stretched position. This 

will allow the handler to begin running their less dominant forefinger and thumb from the base of 

the back up to the section behind the ears to scruff the mouse (starting at the base is a means of 

training for the handler, once more proficient, the handler can make a quick movement towards 

the head to scruff the mouse). Once scuffed, the handler should then place their middle finger at 

the base of the hindlimb to hold the hindlimbs in an open position. This is done to avoid limb 

interference when performing intraperitoneal (IP) injections. 

Mouse IP injections begin after standard restraint is achieved as described above. The 

handler is to grab the syringe with an unoccupied hand, placing the ring finger on one side of the 

syringe shaft and the middle finger on the other, creating a stopper for the base of the syringe, 
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leaving the thumb ready to push the injection. Make sure the meniscus is on the correct value for 

the planned injection and that there are no air bubbles in the syringe. Place the sharp side of the 

syringe on the skin fist with the bevel up, in either of the two lower quadrants of the mouse’s 

abdomen, ensuring alternating injection sites with multiple injections. Push the needle in with no 

variation in angle and make a short pull of the plunger outward to ensure blood is not pulled. 

After observing no blood in the syringe, push the full dose and remove the needle at the same 

angle it was inserted. 

 

Tail Vein Bleed (Rat) 

 When collecting blood from the tail vein of a rat, the rat should be properly anesthetized 

with isoflurane. Then the rat should be continuously supplied the isoflurane with a nose cone and 

placed on a heating block to prevent hypothermia. The rat should be placed on its lateral side and 

the tail vein should be visible through the skin at this step. The skin surface of the tail should be 

cleaned thoroughly with rubbing alcohol and then wiped down with a gauze prior to inserting the 

needle to collect blood. It is recommended to have the tail lay partially off the heating block to 

give the handler a better angle for inserting the needle. The type of syringe used is the handler’s 

choice, as different needle sizes have different aspects of them which alter their feel of the pull. I 

personally recommend a lower gauge needle (e.g., 26 G), my theory being that a smaller needle 

can more easily fit in the vein. Place the syringe bevel facing upwards on top of the tail vein, 

starting at a low point of the tail directly on the vein. Insert the syringe at a very high angle, 

almost 180⁰, to slide the needle slightly into the skin and reach the vein. If using the tail hanging 

off the edge of the heating block approach, the syringe angle will be significantly less and 

require alternative hand placement to stabilize the tail and syringe after beginning the pull. 
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Create a vacuum on the plunger of the syringe for a flash of blood to appear once the needle 

appropriately penetrates the vein. Maintain the location of the needle once the flash of blood 

appears and continue pulling the plunger of the syringe until an appropriate amount of blood has 

been collected.  Hand placement is the researcher’s preference, but should be placed where the 

handler can maintain the syringe in a stable location until the collection is complete.  

Lab Design Overview  

  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7: Lab Layout 
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Lab Layout 

The lab was rearranged to ensure proper experimental flow. The center tables were 

rotated to be presented in a horizontal pattern aligning with the retired lab refrigerator. This 

increased the available floor space from the back wall to the first tabletop. The new space also 

allowed for optimal space for the use of the computers on either side of the lab (i.e., for the 

Noldus Ethovision automated behavioral analysis and MouseOx Plus pulse oximeter systems). 

Shelf space was created by storing old lab equipment allowing for the use of the shelves and 

tabletops during the experiment days. The tabletops beside the Ethovison computer were used to 

place the home cages which allowed handlers to promptly acquire and measure the weights of 

the specimen of the experiment prior to any formulation of doses. The center tables are covered 

in an organizational chuck pad that has been labeled with the number designation of each rat, 

what drugs they will receive, and in which order. 

 The cages on the center tables are the pre-reversal cages used to house the specimen after 

receiving the initial drugs and before receiving the reversal drugs. These cages are also being 

recorded with a camera placed beside the computer on the same side of the lab as the pre-

reversal cages. Sharps containers and trash containers are placed below the center tables beside 

the chair that the scientist used during the experiment for prompt disposal of any sharps or trash.  

The single cage without any bedding or wire top beside the MouseOx computer is used to 

house the specimen before, during and after the reversal for the safety measures of heart rate and 

oxygen saturation to be measured.  

The behavioral chambers near the window side of the lab are placed below cameras that 

are mounted on the ceiling tiles. The chambers are adjusted for alignment with these cameras. 
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This alignment is made easier with the addition of markers such as tape on the floor to place the 

chambers in the correct position if moved or disturbed. This is a fast adjustment, but finer 

adjustments may still be needed to ensure accurate readings by the camera and software.  

The sink is used during the planned euthanasia days by placing the guillotine on the 

countertop to collect trunk blood for further analysis. The veterinary isoflurane vaporizer is 

located proximal to the guillotine to assure deep sedation prior to its use. The tools are also 

cleaned using this sink and are then placed on a chuck pad on the countertop to dry. Beside the 

fume hood there is a small countertop that is accompanied by a small lamp light. This area is 

used for dissection and tail vein bleeds. Sharps containers and trash cans are under the 

countertop. A chair is utilized in front of this countertop for the researchers’ comfort when 

performing dissections.  
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Appendix B: Abbreviations  

DEXMED- Dexmedetomidine  

FENT- Fentanyl  

IP- Intraperitoneal 

METH- Methamphetamine 

NLX- Naloxone  

SUD- Substance Use Disorder  

XYL- Xylazine  
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