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Goals

• Current public health impact of fentanyl

• Pharmacology of fentanyl

• Impact on treatment of opioid use disorder (OUD)
o Preclinical data
o Early clinical data

• Possible solutions



Fentanyl

ü Potent synthetic opioid that is 
currently approved by the FDA

ü First used medically in the 1960’s as 
a general anesthetic

ü Now used as a transdermal patch, 
lollipop, dissolving tablet and nasal 
spray for management of chronic or 
breakthrough pain

What is fentanyl?



Fentanyl(Synthesis(from(NPP

But Pharmaceutical Fentanyl is Not Driving 
the Current Epidemic

(Volkow, NIDA Council, May 2017)

• Large profit margin
• Easy to synthesize
• Easy to transport



12-month period ending in November 2021
102,568 drug-related deaths
Synthetic Opioids – 67,293
Stimulants – 31,129
Heroin – 9,132



(Volkow, 2021)



Why are the fentanyls driving the 
rates of fatal overdoses?



Lethal Doses of 
Heroin and Fentanyl

ü ~100x more potent than morphine 
(50x more potent than heroin)

Fentanyl





POTENCY



EFFICACY



AFFINITY

Kd = dissociation constant (koff/kon)



AFFINITY vs EFFICACY



Kelly et al 2021: AFFINITY
(radioligand binding studies)

fentanyl ~ morphine



Kelly et al 2021: POTENCY & EFFICACY
([35S]GTPgS binding)

fentanyl 0.6-5.2x as potent as morphine 
(or 13.9x using cell-based assays)

fentanyl and morphine have similar efficacy



Kelly et al 2021: Fentanyl may interact with the 
orthosteric binding pocket of MORs in multiple ways



Kelly et al 2021: Fentanyl may have multiple 
binding pathways



Kelly et al 2021: CROSS-TOLERANCE

In morphine-dependent animals, cross-tolerance to 
morphine is greater than cross-tolerance to fentanyl

Fentanyl does not produce tolerance as readily 
as morphine 



Comer and 
Cahill (2019)

How does fentanyl differ from heroin (morphine)?



ü Maintenance medications 

• Methadone (full mu agonist)

• Buprenorphine (partial mu agonist)

• Naltrexone (antagonist)

ü Overdose reversal
• Naloxone (antagonist)

• Nalmefene (antagonist)

FDA-approved medications 
for treating OUD



ü Maintenance medications 

• Methadone (full mu agonist)

• Buprenorphine (partial mu agonist)

• Naltrexone (antagonist)

ü Overdose reversal
• Naloxone (antagonist)

• Nalmefene (antagonist)

FDA-approved medications 
for treating OUD



Methods
Comer et al (1992) J Pharmacol Exp Ther 262(3): 1051-1056

Species: Mice

Assay: Warm water (55ºC) tail withdrawal

Dependent measure: Latency to withdrawal 
% Maximum possible effect = Test latency - Control latency X 100

15 sec - Control latency

Antagonists: Naltrexone or C-CAM

Test drugs: Morphine, fentanyl



Comer et al (1992) J Pharmacol Exp Ther 262(3): 1051-1056

The potency of naltrexone
against morphine and
fentanyl was the same,
suggesting that they
were producing their 
effects through the same
receptors (µ).



However, higher doses
of an irreversible 
antagonist
were needed to produce
downward shifts in the 
dose-effect curve for 
fentanyl compared to
morphine.

Comer et al (1992) J Pharmacol Exp Ther 262(3): 1051-1056



Maguire et al (2020) Neuropsychopharmacol 45: 1986-1993

MCAM, a 
pseudoirreversible
antagonist, 
produced a long-
lasting reduction 
in fentanyl self-
administration in 
rhesus monkeys.



THE ANTAGONIST IS IMPORTANT –
COMPETITIVE VS NON-COMPETITIVE 

INTERACTIONS



Flynn and France (2021) Drug and Alcohol Dependence 221: 108599

Fentanyl and carfentanil
produce effects that are 
similar to heroin in rats.

Fentanyl

Carfentanil

Heroin

But carfentanil
produces longer lasting 
effects than fentanyl. Fentanyl

Carfentanil



Flynn and France (2021) Drug and Alcohol Dependence 221: 108599

Although naltrexone antagonizes fentanyl and heroin to 
a similar extent, it is less effective against carfentanil.



THE AGONIST IS IMPORTANT TOO –
FENTANYL VS CARFENTANIL



ü Maintenance medications 

• Methadone (full mu agonist)

• Buprenorphine (partial mu agonist)

• Naltrexone (antagonist)

ü Overdose reversal
• Naloxone (antagonist)

• Nalmefene (antagonist)

FDA-approved medications 
for treating OUD



Kelly et al 2021: 
NALOXONE REVERSAL –

10X HIGHER DOSES 
NEEDED FOR FENTANYL
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ABSTRACT
In December 2018, the Centers for Disease Control declared
fentanyl the deadliest drug in America. Opioid overdose is the
single greatest cause of death in the United States adult
population (ages 18–50), and fentanyl and its analogs [fentanyl/
fentanyl analogs (F/FAs)] are currently involved in.50%of these
deaths. Anesthesiologists in the United States were introduced
to fentanyl in the early 1970s when it revolutionized surgical
anesthesia by combining profound analgesia with hemodynamic
stability. However, they quickly had to master its unique side
effect. F/FAs can produce profound rigidity in the diaphragm,
chest wall and upper airway within an extremely narrow dosing
range. This clinical effect was called wooden chest syndrome
(WCS) by anesthesiologists and is not commonly known outside
of anesthesiology or to clinicians or researchers in addiction
research/medicine. WCS is almost routinely fatal without expert
airway management. This review provides relevant clinical human
pharmacology and animal data demonstrating that the significant
increase in the number of F/FA-induced deaths may involve
a-adrenergic and cholinergic receptor–mediated mechanical
failure of the respiratory and cardiovascular systems with rapid

development of rigidity and airway closure. Although morphine
and its prodrug, heroin, can cause mild rigidity in abdominal
muscles at high doses, neither presents with the distinct and
rapid respiratory failure seen with F/FA-induced WCS, separating
F/FA overdose from the slower onset of respiratory depression
caused bymorphine-derived alkaloids. This distinction has significant
consequences for the design and implementation of new pharmaco-
logic strategies to effectively prevent F/FA-induced death.

SIGNIFICANCE STATEMENT
Deaths from fentanyl and F/FAs are increasing in spite of
availability and awareness of the opioid reversal drug naloxone.
This article reviews literature suggesting that naloxone may be
ineffective against centrally mediated noradrenergic and cholin-
ergic effects of F/FAs, which clinically manifest as severe muscle
rigidity and airway compromise (e.g., wooden chest syndrome)
that is rapid and distinct from respiratory depression seen with
morphine-derived alkaloids. A physiologic model is proposed
and implications for new drug development and treatment are
discussed.

Introduction
Currently, opioid overdose is the number one cause of death

in United States residents 18–50 years of age. The Centers for
Disease Control reported that fentanyl (Sublimaze) and its
analogs were the cause of death in .50% of United States

deaths related to opioids in 2016 and were estimated to be
.70% for 2017 and 2018 (Hedegaard et al., 2018; Jannetto
et al., 2019).
Belgian chemist Paul Janssen first synthesized the fully

synthetic opioid, fentanyl, in 1960, which revolutionized the
field of surgical anesthesia. Fentanyl has extremely high
potency (e.g., ∼150 greater than morphine) and hemody-
namic stability (Stanley, 2014). Like all narcotics given in
sufficient quantity, fentanyl/fentanyl analogs (F/FAs) can
induce dose-dependent respiratory depression, hypoxia, and
death (Stanley, 2014). Unlike morphine-derived alkaloids,
F/FAs can rapidly induce a combination of vocal cord closure
(laryngospasm) and severe muscle rigidity in the chest wall
and diaphragm at doses well within therapeutic ranges used

This research was funded by The Department of Veterans Affairs
Merit Review [Grant I01BX002758] and Career Scientist programs, the US
Food and Drug Administration, US Department of Justice Drug Enforce-
ment Administration [Grant D-15-OD-0002], and National Institutes of
Health National Institute on Drug Abuse [Grant ADA12013]. Additional
funding support was provided by CODA, Inc., and Torralva Medical
Therapeutics, LLC.

The contents do not represent the views of the US Department of Veterans
Affairs or the United States Government.
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ABBREVIATIONS: ACh, acetylcholine; CNS, central nervous system; CSF, cerebrospinal fluid; DRG, dorsal respiratory group; EMG,
electromyography; EMS, emergency medical services; F/FA, fentanyl/fentanyl analog; FIMR, fentanyl-induced muscle rigidity; FIRMR, fentanyl-
induced respiratory muscle rigidity; LC, locus coeruleus; M, muscarinic; N2O, nitrous oxide; PCA, posterior cricoarytenoid; TA, thyroarytenoid; VCD,
vocal cord dysfunction; VRG, ventral respiratory group; WCS, wooden chest syndrome.
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ü Maintenance medications 

• Methadone (full mu agonist)

• Buprenorphine (partial mu agonist)

• Naltrexone (antagonist)

ü Overdose reversal
• Naloxone (antagonist)

• Nalmefene (antagonist)

FDA-approved medications 
for treating OUD



Methods
Walker & Young Psychopharmacology (2001) 154: 131-142

Species: Rats

Assay: Warm water (55ºC) tail withdrawal

Dependent measure: Latency to withdrawal 
% Maximum possible effect = Test latency - Control latency X 100

15 sec - Control latency

Maintenance drug: Buprenorphine

Test drugs: Etonitazene, etorphine, morphine, buprenorphine,

GPA 1657



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Walker & Young  Psychopharmacology (2001) 154: 131-142



Buprenorphine was not as effective in 
antagonizing the analgesic effects of 
higher efficacy agonists. 



What about self-administration? Does 
the same phenomenon hold true for 
that effect?



Methods

Winger & Woods Drug & Alcohol Dependence (2001) 

Species: Rhesus monkeys

Assay: IV drug self-administration

Dependent measure: Rate of responding 

(responses/sec)

Maintenance drug: Morphine

Test drugs: Alfentanil, heroin, morphine, nalbuphine, 

buprenorphine, and cocaine



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Winger & Woods  Drug & Alcohol Dependence (2001) 62: 181-189



Assay Species Authors
Drug Discrimination Rats Young, Kapitsopoulos, & Makhay, 1991
Analgesia Rats Paronis & Holtzman, 1992 
Drug Discrimination Rats Paronis & Holtzman, 1994
Analgesia Mice Duttaroy & Yoburn, 1995
Analgesia Monkeys Walker, Zernig, & Woods, 1995
Analgesia Rats Walker, Zernig, & Young, 1998
Analgesia Monkeys Pitts, Allen, Walker, & Dykstra, 1998
Response rates for food Rats Smith & Picker, 1998
Analgesia Rats Walker & Young, 2001
Analgesia Rats Barrett, Cook, Terner, Craft, & Picker, 2001
Self-administration Monkeys Winger & Woods, 2001
Drug Discrimination Rats Walker & Young, 2002
Drug Discrimination Pigeons Barrett, Smith, & Picker, 2003
Analgesia & Resp for food Monkeys Negus, Brandt, Gatch, & Mello, 2003



How translatable are these findings to 
humans?



Buprenorphine/Naloxone Maintenance and 
Intranasal Heroin Self-administration

Comer, Walker, & Collins Psychopharmacol (2005) 181: 664-675



Comer, Walker, & Collins Psychopharmacol (2005) 181: 664-675

Bup/Nx produced a dose-related reduction in 
heroin self-administration, but the effects of 

heroin were still robust
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“At this moment, 
my liking for drug is …”

CAM 2038 32 mg
CAM 2038 24 mg

Injection 1 Injection 2
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A weeklong 
formulation of 
injectible
buprenorphine 
reduced 
hydromorphone-
induced drug 
liking in humans.



What about fentanyl?
• No laboratory-based studies have measured the ability of 

buprenorphine (or methadone or naltrexone) to 
antagonize the effects of fentanyl in humans 

• One retrospective cohort study showed that treatment 
retention and opioid abstinence at 6 months after initiation 
of buprenorphine did not differ in patients who tested 
positive for fentanyl versus heroin at initiation of 
buprenorphine treatment (Wakeman et al., 2019) – but 
small sample sizes 

• Another retrospective cohort study showed that treatment 
retention at 12 months after initiation of methadone did not 
differ in patients who tested positive versus negative for 
fentanyl at initiation of treatment (Stone et al., 2020) – but 
fentanyl use during treatment was common; no fatal 
overdoses



Initiation of Buprenorphine Treatment

Varshneya et al. J Addict Med (2021)

Withdrawal can be severe in fentanyl users 
who are transitioning to buprenorphine



Initiation of Buprenorphine Treatment



Initiation of Naltrexone Treatment

Cook et al. DAD (2021)

Fentanyl+ patients 
half as likely to 
initiate treatment 
overall

Fentanyl+ patients 
11x less likely to 
initiate treatment 
with naltrexone

No evidence that 
fentanyl related to 
bup initiation



ü Fentanyl is potent, has a rapid onset 
of action, and is short acting

ü Naltrexone is effective in preventing 
the fentanyl-induced responses but is 
less effective against carfentanil
(preclinical data)

ü Naloxone appears to be less effective 
against fentanyl overdose (preclinical 
data and clinical case reports)

What can we conclude so far?



ü How well do methadone, 
buprenorphine, and naltrexone work 
for treating OUD in patients using 
fentanyl? Retrospective studies 
suggest that buprenorphine and 
methadone are effective. 

ü But what about the analogs?

ü How do we most effectively transition 
patients from fentanyl to these 
treatment medications?

ü How do we most effectively manage 
fentanyl-related overdoses?

Unanswered Clinical Questions

Carfentanil

Ocfentanil

Furanyl Fentanyl

Fentanyl



So what do we do?
Continue to develop medications



Vaccines for illicit drug use generate antibodies that 
bind drug in plasma and block entry to the brain

Vaccinated

Blood-Brain
Barrier

Anti-Drug
Antibodies in Blood

Drug Binds to
Antibodies in Blood

A series of injections are given over several months 
in order to achieve maximal antibody production



Candidate vaccines for heroin and prescription opioids

OXY-KLH targets 
oxycodone, 

hydrocodone, 
oxymorphone

M-KLH targets 
heroin, 6-AM, and 

morphine

F-CRM targets 
fentanyl and its 

analogs



Fentanyl Vaccine: Preclinical Data

serum levels increase

brain levels decrease

naloxone reversal is unaffected 
respiratory depression is reversed



Challenge. Identify immunological mechanisms and 
biomarkers of vaccine efficacy to accelerate translation

First-generation nicotine and cocaine vaccines
showed clinical proof of efficacy in ~30% of immunized 

subjects that achieved highest antibody levels

30%
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Biomarker. Vaccine efficacy is predicted by early antibodies 
and pre-immunization B cell frequency in mice

Laudenbach et al., J. Immunology 2015
Laudenbach et al., Vaccine 2015

Taylor et al., J. Immunol. Methods 2014

A. OXY-KLH efficacy in
blocking oxycodone to brain

B. Antibody titers vs. efficacy
IgG subclasses vs. efficacy

C. OXY-specific B cell 
frequency vs. efficacy

Phase I trial includes exploratory 
biomarkers to select or stratify 

patients



Comparison of opioid users and naïve individuals'
opioid-specific B cells and TNFa expression

Is TNFa a viable biomarker
to predict vaccine clinical efficacy? 

• Significant difference in the frequency of opioid-specific B cells
• No difference in the expression of TNFa
• Correlation between TNFa expression and opioid-specific B cells 

only for opioid users
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