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Abstract
The continuous rise in opioid overdoses in the United States is predominantly driven by very potent
synthetic opioids, mostly fentanyl and its derivatives (fentanyls). Although naloxone (NLX) has been
shown to effectively reverse overdoses by conventional opioids, there may be a need for higher or
repeated doses of NLX to revert overdoses from highly potent fentanyls. Here, we used positron emission
tomography (PET) to assess NLX’s dose-dependence on both its rate of displacement of [11C]carfentanil
([11C]CFN) binding and its duration of mu opioid receptor (MOR) occupancy in the male rat brain. We
showed that clinically relevant doses of intravenously (IV) administered NLX (0.035mg/kg, Human
Equivalent Dose(HED) 0.4mg; 0.17mg/kg, HED 2mg) rapidly displaced the speci�c binding of [11C]CFN in
thalamus in a dose-dependent manner. Brain MOR occupancy by IV NLX was greater than 90% at 5
minutes after NLX administration for both doses, but only 50% occupancy remained at 27.3 min and at
85 min after 0.035mg/Kg and 0.17 mg/Kg NLX, respectively. This indicates that the duration of NLX
occupancy at MORs is short-lived. Overall, these results show that clinically relevant doses of IV NLX can
promptly displace fentanyls at brain MORs, but that repeated or higher NLX doses may be required to
prevent re-narcotization following overdoses with long-acting fentanyls.

Introduction
Over the past 5 years, the opioid overdose epidemic in the United States [1] has been exacerbated by the
rise in illicit synthetic opioids such as fentanyl (1) and its derivatives (fentanyls, Fig. 1) [2–4]. Indeed, in
the 12 months preceding March 2021 alone, the CDC estimated a total of 63,075 synthetic opioid
overdose deaths, a 54.5% increase from the previous year [5]. This persistent increase in fentanyls-related
overdose deaths re�ects their highly rewarding effects, potency in inducing respiratory depression, and
their widespread availability driven by its ease of production and distribution [6–8]. Such challeges are,
thus, forcing health care providers to reconsider their strategies for treating overdoses caused by
synthetic opioids [9–11].

Naloxone (3, NLX) is the most effective clinically available medication to reverse opioid-induced
overdoses (Fig. 1) [6, 12]. It is a potent antagonist (Kd= 0.73 nM, [13]) of the mu-opioid receptor (MOR),
which is the target underlying opioid induced analgesia, reward and respiratory depression [14, 15].
Parenteral (0.4 mg, 2 mg) and intranasal (IN, 2 mg, 4 mg) NLX formulations are available over the counter
in most states for opioid overdose reversal. However, there are growing concerns that those options may
be ineffective in reversing overdoses of highly potent synthetic opioids such as fentanyl (Ki= 0.39 nM)
[16] and carfentanil (2, CFN, Kd= 0.08 nM) [17]. Additinally, the relatively short duration of NLX’s action
may be insu�cient for preventing re-narcotization after overdose with the longer-lasting fentanyls. In fact,
Tomassoni et al. noted, “Some patients required doses of the opioid antidote naloxone exceeding 4 mg
(usual initial dose = 0.1–0.2 mg intravenously), and several patients who were alert after receiving
naloxone subsequently developed respiratory failure” [18]. Multiple NLX injections are sometimes
required to maintain adequate breathing following re-narcotization after initial NLX treatment [19]. Thus,



Page 4/18

a better understanding of NLX’s blockade of the MOR over time would help to improve our clinical
guidelines regarding NLX administration and dosing for overdose reversal from fentanyls.

Positron emission tomography (PET) and the MOR radioligand, [11C]CFN have been used to measure
blockade of MOR by NLX non-invasively in humans [20] and in non-human primates [21]. Most [11C]CFN
PET studies have assessed receptor occupancy (RO) within 10 min after an acute NLX dose for various
administration methods [19, 22–30]. In particular, two relevent clinical reports have been published on
NLX’s clearance rate from MORs. One used a dual coincidence detector system to compare intravenous
(IV) NLX with IV nalmefene [31]; the other used PET to obtain RO at two time points, after intranasal (IN)
NLX [32]. In the current study, we used PET to measure the displacement of [11C]CFN binding by IV NLX in
the rodent brain. Susequently we obtained RO at multiple time points to characterize the clearance pro�le
over 2.5 hrs following IV NLX. For both set of experiments, we compared two clinically relevant IV NLX
doses (0.035 and 0.17 mg/kg), which correspond to human equivalent doses (HED) of 0.4 mg and 2.0
mg respectively.

Results
[11C]CFN radiosynthesis and administation

Averaged radiochemical yield and molar activity at the end of the bombardment were 50.0 ± 12% and
1172 ± 938 GBq/µmol, respectively. The average molar activity and injected CFN mass at the time of
[11C]CFN injection were 226.4 ± 162.4 GBq/µmol and 60.4±55 ng/kg, respectively. The HPLC analysis
con�rmed high radiochemical purity (>99%).

[11C]CFN binding displacement by intravenous NLX

In [11C]CFN PET scans, thalamus showed high uptake and speci�c binding and was used as the region of
interrst (ROI) to quantify speci�c binding and RO by NLX [33]. Cerebellum showed fast [11C]CFN clearance
and was used as a reference region (SI Fig. 1A). Averaged clearance half-time (t1/2) from peak was 41.84

min for thalamus and 7.33 min for cerebellum. IV NLX pretreatment at 5 min prior to [11C]CFN injection
reduced [11C]CFN uptake in thalamus to the level of uptake seen in cerebellum (SI Fig. 2). This provides
preclinical evidence suggesting that currently approved doses of IV NLX can abolish speci�c binding of
[11C]CFN, and are likely at peak levels, to temporarily occupy nearly all MORs in brain.

To characterize NLX’s displacement of [11C]CFN at MORs, NLX administration was given at 15 min after
[11C]CFN injection. Both doses of NLX gradually diminished [11C]CFN binding in the thalamus to the level
observed in the cerebellum (reference region), but the higher dose displaced it faster than the lower one
(Fig. 2 and Fig. 3). Time-activity curves of [11C]CFN in the thalamus prior to NLX injection did not differ
statistically between the control and the NLX treatment groups (Student t-test p= 0.14 for 0.17 mg/kg;
p=0.31 for 0.035 mg/kg) (Fig. 2B). After the IV NLX challenge, the time to reach equivalent levels of
[11C]CFN uptake in the thalamus and cerebellum (ratio of standard uptake value, SUVr =1) was 61.76 ±
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9.49 min for the lower NLX dose (0.035 mg/kg) and 34.42 ± 3.56 min for the higher dose (0.17mg/kg),
and these differences between the two doses was signi�cant (p=0.0095, student t-test) (Fig. 2C).
Estimation of the absolute gradient change after NLX injection [34], showed that NLX’s displacement of
[11C]CFN was signi�cantly faster for the 0.17 mg/kg NLX dose than for the 0.035 mg/kg dose (p=0.002,
student t-test, n=3) (Fig. 2D).

Duration of receptor occupancy after pretreatment with IV NLX

Rats were pretreated with IV NLX (0.035 mg/kg, 0.17mg/kg) at various time points before [11C]CFN
injection. While there were no differences in [11C]CFN uptake in the cerebellum for any time points, the
uptake of [11C]CFN in the thalamus differed signi�cantly between the various time points of NLX
pretreatment showing a gradual recovery towards baseline over two hours. The non-displaceable binding
potentials (BPND) of [11C]CFN at baseline (n=8) and at various NLX pretreatment times are summarized in

Supplemental Table 1. The higher dose of IV NLX (0.17 mg/kg) blocked [11C]CFN binding in the thalamus
longer than the lower dose (0.035 mg/kg). Speci�cally, 90 min after IV NLX injection, the averaged RO of
0.17 mg/kg NLX was signi�cantly higher than that of 0.035 mg/kg NLX (60% vs 12% RO, p = 0.02) (Fig.
4). Consistently, the clearance half-time of RO for the thalamus was 27.3 min for the 0.035 mg/kg NLX
and 85 min for 0.017 mg/kg NLX (Fig. 5).

Pharmacokinetics assessment of IV NLX

The measured peak plasma NLX concentration differed signi�cantly between the two doses (0.17 mg/kg:
77 ng/ml; 0.035 mg/kg: 1.7 ng/ml; Student t-test, p=0.01) (Fig. 5). Table 1 shows the estimated
pharmacokinetic data for IV NLX in plasma based on a non-compartmental analysis. The average
elimination rate of IV NLX (Ke) was 16 min for 0.17 mg/kg and 7.3 min for 0.035 mg/kg NLX, respectively.

Table 1
Plasma pharmacokinetics of NLX for two doses (0.035 and 0.17 mg/kg, IV) in healthy

rats. Values correspond to means (standard deviations).
Dose
(mg/kg)

Half-life (min) Tmax (min) Cmax (ng/mL) AUC (0-inf)

0.035 (n=3) 7.3 (3.5) 6.8 (3.3) 12.4 (1.7) 53.2

0.17 (n=3) 16 (5.8) 15.0 (5.0) 50.5 (1) 489.6

Correlation between receptor occupancy and plasma naloxone concentration

NLX plasma concentration decreased rapidly for the two doses of IV NLX, but lasted longer for the higher
dose (SI Fig. 3). The plasma NLX levels necessary to achieve half-maximal receptor occupancy (EC50)
were estimated to be 0.2 ng/mL as assessed by �tting the association between NLX Ros and plasma
NLX concentrations (SI Fig. 4). NLX RO levels plateaud at 90% for NLX plasma concentration higher than
1.5 ng/ml.
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Discussion
Highly potent fentanyl derivatives are the main contributors to the steep rise in opioid overdose mortality.
To cope with the challenges in reversing overdoses with potent fentanyls, the Food and Drug
Administration (FDA) recently approved a high dose of IN NLX (8 mg, [35]) and a 5 mg NLX injection dose
[36]. Balancing the risks and bene�ts of increasing NLX doses used for opioid reversal is a topic of
clinical interest [37]. Thus, understanding the relationship between NLX’s dose and its onset and duration
of MOR blockade will play a key role in developing proper guidelines for fentanyls overdose reversal.

In the current study, we used clinically relevant doses of IV NLX to characterize their e�cacy in displacing
[11C]CFN in the male rat brain. Moreover, we quanti�ed the rate and duration of MOR occupancy by IV
NLX over time. We showed that [11C]CFN clearance rate by IV NLX was dose-dependent with the higher
dose displacing CFN more quickly than the lower dose. Speci�cally, the clearance time to reach half of
[11C]CFN speci�c binding in the thalamus for the 0.17 mg/kg NLX (HED 2 mg) dose was 21.74 min,
signi�cantly faster than 27.05 min for the 0.035 mg/kg NLX (HED 0.4mg) dose. This result would
therefore suggest that higher NLX doses are likely to exhibit faster onset of action in overdose reversal
settings than lower NLX doses.

The higher NLX dose also resulted in a longer duration of MOR RO than the lower NLX dose. We built up
RO pro�les by performing [11C]CFN PET studies at multiple time points after NLX administration
separately for each of the two doses. Half time of RO clearance was 27 min for the 0.035 mg/kg NLX
dose whereas it was 85 min for the 0.17 mg/Kg dose, showing that the duration of MOR blockage by NLX
is dose dependent. The duration of greater than 80% MOR blockade for the 0.17 mg/kg dose was �ve
times longer compared to that for the 0.035 kg/mg dose. As shown in Figure 3, RO of less than 30%
occurred within 50 min for the lower dose (0.035 mg/kg) whereas it occurred at 100 min for the higer
dose (0.17 mg/kg). The fast RO clearance observed with IV NLX could explain why multiple NLX doses
are often required to prevent re-narcotization following overdoses with fentanyls [38].

In a separate group of rats, NLX pharmacokinetics were measured in plasma for the two NLX doses and
to correlate them with levels of RO, we estimated that the plasma NLX concentration for half-maximal
receptor occupancy (EC50) was low (0.2 ng/ml). However, it is likely that the NLX concentration in brain
was much higher than in plasma (SI Fig. 3) due to NLX’s high lipophilicity and the short-lasting peak in
plasma after IV administration. Future studies are required to assess the relationship between plasma
and brain NLX levels and to ascertain what level of RO is needed to restore and sustain proper breathing
following fentanyls overdoses.

Previously, Kim et al. measured [11C]CFN uptake in the human brain at four time points over 9 hours using
a dual coincidence detector system. They reported that the clearance half-time of RO by IV NLX (2 mg)
was 2 ± 1.6 hr after administration [31]. These data, in conjunction with our own, suggest that 2 mg IV
NLX might be inadequate for preventing re-narcotization after overdose with long half-life fentanyls (e.g.,
CFN T1/2 = 7.7 hr). Similarly, Johansson et al. [32] used PET to measure the speci�c binding of [11C]CFN



Page 7/18

in healthy human brains at two separate time intervals (0-60 min, 300-360 min) after administration of 2
mg IN NLX. They found that the clearance half-time of RO occurred 2-3 hours after NLX administration
and that the duration of NLX’s RO at MORs was signi�cantly longer for the 4 mg dose than the 2 mg
dose. Thus, both clinical and preclinical studies provide evidence that may justify the use of higher doses
of NLX, thereby corroborating the FDA’s recent decision to approve higher NLX formulations [35, 36].
Despite these conclusions, there are serious drawbacks for using higher dose of NLX, namely, NLX-
precipitated withdrawal symptoms. Likewise, the use of potent MOR antagonists with a longer duration
of action, such as naltrexone and nalmefene, has been proposed [39], but concerns of protracted opioid
withdrawal need to be considered. In this respect, it would be valuable to determine the minimal levels of
RO needed to sustain normal breathing and cardiovascular function following an overdose.

Limitations

Our study is limited by species differences in both the NLX pharmacokinetics under anesthesia, and
pharmacodynamics of opioid induced respiratory depression. Since the acquisition time for a single PET
scan requires at least approximately 1 hr, rapid RO change could not be accurately measured. Additionall,
it was also challenging to predict RO with plasma NLX concentrations over time because NLX’s clearance
rate in plasma is very fast. Although our displacement studies showed prompt and very effective
displacement of [11C]CFN binding by IV NLX, these experiments used tracer doses of CFN and
pharmacological doses of fentanyls may exhibit slower displacement rate. Our study, as well as prior
studies, evaluated NLX’s pharmacokinetics of [11C]CFN displacement and RO in animals or individuals
who were physiologically stable, whereas opioid overdoses subjects may have complications in
cardiovascular function, which could jeopardize NLX bioavailability and delivery to the brain. Finally, after
surveying all previous NLX RO studies, we point out that there is little information on what level of RO is
effective for opioid overdose reversal, which would be valuable to provide clear guidelines for clinical
therapeutics.

Conclusion
Using two clilincally relevant doses of IV NLX, we documented fast and effective displacement of
[11C]CFN binding but short lasting MOR occupancy in the rodent brain. The effects were dose dependent
such that a higher dose of NLX displaced CFN faster and had longer duration of MOR blockade. Our
results indicate that higher initial doses of NLX could more quickly revert overdose and that repeated
doses could help to prevent renarcotization from these long-acting fentanyls.

Materials And Methods
General

The precursor for [11C]CFN, Desmethylcarfentanil acid, was purchased from American Biochemicals
(College Station, TX, USA). All other chemicals were purchased from Millipore Sigma and used without
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any further puri�cation. No-carrier-added [11C]CO2 was generated by nuclear reaction 14N(p,α)11C,
bombarding a nitrogen gas target containing 1% oxygen with a proton beam using a cyclotron (PETrace,
GE). Conversion to [11C]CH3I and [11C]methylation were performed using FX-MeI and FX-M automated
synthesizers (GE Healthcare, Chicago, IL USA), respectively. Semi-preparative high performance liquid
chromatography (HPLC) was used to purify a crude [11C]CFN mixture with a monolithic column (10x100
mm, Onyx Monolithic C18, Phenomenex; �ow rate, 5 mL/min; eluent, 0.01M phosphate
buffer/ethanol=51.5/48.5; pH = 7.2-7.4; UV wavelength, 218 nm; retention time, 8 min). For quality control,
analytical HPLC analysis was performed using an Agilent 1100 system equipped with a ZORBAX Eclipse
XDB C18 column (4.6x150mm, Agilent, Santa Clara, CA), monitoring for absorbance at 218 nm and
radioactivity using a �ow count radioactivity detector (Carroll Ramsey and Associates, Fort Collins, CO,
USA). [11C]CFN was eluted at a �ow rate of 1.0 mL/min (retention time, 5 min) with an isocratic solvent
mixture (water/acetonitrile, 60/40) containing tri�uoroacetic acid (0.1%).

All rat studies were approved by the Clinical Center Animal Care and Use Committee of National Institutes
of Health (protocol number, NIAAA 19-01) and complied with the Guide for the Care and Use of
Laboratory Animals. [11C]CFN PET studies were performed in male Long Evans rats (294.7 ± 69.6 g,
Charles River Laboratories) using a small animal PET scanner (MicroPET Focus 220, Siemens). Animals
were anesthetized with iso�urane (Forane, Baxter Healthcare) using an anesthesia machine (SurgiVet
VaporStick, Smiths Medical) and vaporizer (SurgiVet 100 Series, Smiths Medical). Vitals (heart rate,
respiratory rate, spO2, and temperature) were monitored using a pulse oximeter and heart rate monitor
(MouseSTAT, Kent Scienti�c). A heat lamp was used to maintain body temperature (Model# 51152,
Brandt Industries). Tubing for catheters (BTPE-10 for infusion, BTPU-27 for blood withdrawal) and other
surgical materials were obtained from Instech Laboratories. Bolus [11C]CFN injections were performed
using a syringe pump (PHD 2000, Harvard Apparatus), while bolus plus constant infusion (B/CI) were
performed using a programmable pump (Pump 11 Elite, Harvard Apparatus). Blood plasma was obtained
by centrifugation (MiniSpin, Eppendorf). The study is in accordance with ARRIVE guidelines.

Synthesis of [11C]Carfentanil ([11C]2)

[11C]CFN was synthesized according to the reported procedure with minor modi�cations [40, 41]. Brie�y,
anhydrous DMSO (200 µL) solution containing desmethylcarfentanil acid (1 mg, 2.64 µmol), Cs2CO3 (2

mg, 6.14 µmol) was vortexed for 1 min. After [11C]methyl iodide was transferred in a stream of helium at
room temperature, the reaction mixture was heated at 120°C for 3 min. Crude mixture was puri�ed with
semi-preparative HPLC. The collected portion of [11C]CFN was adjusted to contain less than 10% ethanol
content for injecitons.

Rodent PET Studies

Anensthesia in rats were initially induced with iso�urane (5.0%) in oxygen for 5 min and then was
maintained at a lower level of iso�urane (1.5-2.5%), monitoring vitals throughout the experiments.
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Catheters were placed in the left femoral vein for [11C]CFN injection. For displacement studies, [11C]CFN
was administered as a bolus (1 min), followed by IV NLX 15 min later. For RO studies, [11C]CFN was
administered via a B/CI method (Kbol= 80 min) that lasted the entire duration of each scan. Before
radiotracer injection, rats were pretreated with IV NLX at selected time points (0.035 mg/kg: 20, 40, 60, 87,
180 min; 0.17 mg/kg: 10, 15, 40, 60, 90, 110, 210 min). List-mode data was acquired over 90 min after a
10 min transmission scan with a Co-57 point source for attenuation correction. PET data was
reconstructed into 22 frames (6 x 20 sec, 5 x 60 sec, 4 x 120 sec, 3 x 300 sec, 3 x 600 sec, and 1 x 1200
sec) using �ltered back-projection. The average activity injected was 14.0 ± 8.6 MBq and the average CFN
mass injected was 60.4 ± 55 ng/kg.

PET imaging processing and tracer kinetic analysis

Time-activity curves were obtained as standard uptake value (SUV, g/mL) using PMOD (3.807). Two
regions of interest (ROIs) were analyzed for [11C]CFN uptake: the thalamus due to its high concentration
of MORs [42] and high speci�c binding, and the cerebellum, which was used as a reference region mostly
devoid of speci�c binding [43].

The ROI template was drawn using anatomical information extracted from a [18F]FDG PET scan obtained
for this purpose following a [11C]CFN scan in one rat. ROIs were drawn in the cerebellum and thalamus,
avoiding border regions, and were applied to generate time activity curves.

SUVr was calculated for each frame as the ratio between thalamic and cerebellar SUVs. For RO studies,
BPND was obtained using the B/CI method to achieve constant radioactivity levels in the ROIs and in the
reference region [44, 45]. Once equilibrium is achieved [46], the binding potential (BPND ) was calculated
directly from the concentration ratio of thalamus to cerebellum (15-40 min). The value of BPND can be
computed using BPND = Cthalamus/Ccerebellum – 1. Receptor occupancy [RO(%)] was calculated using
Equation 1 [47]:

RO(%) = 100 ×
Baseline(BPND) − Post_drug(BPND)

Baseline(BPND) − 1

1
Plasma pharmacokinetics assessment of IV NLX

To determine plasma concentrations of NLX over time, a NLX bolus was administered to 6 rats (n=3,
0.035 mg/kg; n=3, 0.17 mg/kg) via penile vein, and arterial whole blood samples (250 uL) were collected
at 0, 1, 3, 5, 10, 15, 30, 45, 60, and 90 min after NLX injection. Each blood sample was centrifuged at
14,500 RPM for 3 min to give each plasma sample, followed by immediate freezing on dry ice until stored
at -80°C. Plasma NLX concentration was determined using LC-MS/MS (Bioanalytical Shared Resource
Laboratory, Virginia Commonwealth University School of Pharmacy), with a detection limit of NLX was 1
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ng/mL. Pharmacokinetics parameters were estimated by non-compartmental analysis and plasma
curves were �tted using two exponential clearance model.

Given the plasma concentration and the Kd values for the MOR, RO was calculated according to the
reaction kinetics between a MOR and NLX, as follows [48]:

Occupancy(%) =
Cu

Cu + Kd

Declarations
Data Availability 

Te datasets analysed during the current study are available from the corresponding author on reasonable
request.

Acknowledgments 

This research work was accomplished with support from the National Institute on Alcohol Abuse and
Alcoholism (Y1AA-3009, Volkow). The authors would like to thank Dr. Kyungsoo Im of Astrazeneca for
sharing his expertise on translational drug pharmacokinetics. The authors are also grateful to the NIH
Clinical Center PET department (Dr. Peter Herscovitch and Mr. Kris Kim) and Molecular Imaging Branch
(Drs. Robert Innis and Victor Pike) for their PET imaging infrastructure support. 

Author contibutions

Y.K, K.O, A.K, J.R. J.S.F, N.D.V, and S.W.K mainly wrote and revise the manuscript. Y.K, K.O, A.K, and S.W.K
analyzed data, and created the �gures and tables to the document. W.Z S.M.E, T.S, M.G, G.B and S.W.K
conducted radiosynthesis. J.R, T.P, N.B, and J.S.L performed PET experiments. Full experimental disgine
was from NDV and SWK. 

Competing interests

The authors declare no competing interests.

References
1. CDC Grand Rounds: Prescription Drug Overdoses — a U.S. Epidemic. 2012; Available from:

https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6101a3.htm

2. Spencer, M., et al., Drug Overdose Deaths Involving Fentanyl, 2011–2016. National Vital Statistics
Reports, 2019. 68(3).

3. R. A. Rudd, N.A., J. E. Zibbell, and R. M. Gladden, Increases in Drug and Opioid Overdose Deaths--
United States, 2000-2014. MMWR Morb. Mortal. Wkly. Rep, 2016. 64: p. 1378–1382.



Page 11/18

4. 2019 National Drug Threat Assessment. 2020; Available from:
https://www.dea.gov/documents/2020/2020-01/2020-01-30/2019-national-drug-threat-assessment.

5. Provisional Drug Overdose Death Counts. 2021; Available from:
https://www.cdc.gov/nchs/nvss/vsrr/drug-overdose-data.htm.

�. Madras, B.K., The Growing Problem of New Psychoactive Substances (NPS), in Neuropharmacology
of New Psychoactive Substances (NPS): The Science Behind the Headlines, M.H. Baumann, R.A.
Glennon, and J.L. Wiley, Editors. 2017, Springer International Publishing: Cham. p. 1-18.

7. Karila, L., et al., New synthetic opioids: Part of a new addiction landscape. Neuroscience &
Biobehavioral Reviews, 2019. 106: p. 133–140.

�. Volkow, N.D., The epidemic of fentanyl misuse and overdoses: challenges and strategies. World
psychiatry: o�cial journal of the World Psychiatric Association (WPA), 2021. 20(2): p. 195–196.

9. Burke, D.S., Forecasting the opioid epidemic. Science, 2016. 354(6312): p. 529.

10. Barry, C.L., Fentanyl and the Evolving Opioid Epidemic: What Strategies Should Policy Makers
Consider? Psychiatric Services, 2017. 69(1): p. 100–103.

11. Gostin, L.O., J.G. Hodge, Jr, and S.A. Noe, Reframing the Opioid Epidemic as a National Emergency.
JAMA, 2017. 318(16): p. 1539–1540.

12. Dahan, A., L. Aarts, and Terry W. Smith, Incidence, Reversal, and Prevention of Opioid-induced
Respiratory Depression. Anesthesiology, 2010. 112(1): p. 226–238.

13. Kanemasa, T., et al., Pharmacological Pro�le of Naldemedine, a Peripherally Acting µ-Opioid Receptor
Antagonist: Comparison with Naloxone and Naloxegol. Journal of Pharmacology and Experimental
Therapeutics, 2020: p. jpet.119.264515.

14. Goodman, A.J., B. Le Bourdonnec, and R.E. Dolle, Mu Opioid Receptor Antagonists: Recent
Developments. ChemMedChem, 2007. 2(11): p. 1552-1570.

15. Dahan, A., et al., Anesthetic potency and in�uence of morphine and sevo�urane on respiration in mu-
opioid receptor knockout mice. Anesthesiology, 2001. 94(5): p. 824–32.

1�. Raynor, K., et al., Pharmacological characterization of the cloned kappa-, delta-, and mu-opioid
receptors. Mol Pharmacol, 1994. 45(2): p. 330–4.

17. Titeler, M., et al., µ Opiate receptors are selectively labelled by [3H]carfentanil in human and rat brain.
European Journal of Pharmacology, 1989. 167(2): p. 221–228.

1�. Tomassoni AJ, H.K., Jubanyik K, et al., Multiple Fentanyl Overdoses — New Haven, Connecticut.
MMWR Morb Mortal Wkly Rep 2017, 2016. 2017(66): p. 107–111.

19. Rzasa Lynn, R. and J.L. Galinkin, Naloxone dosage for opioid reversal: current evidence and clinical
implications. Therapeutic advances in drug safety, 2018. 9(1): p. 63–88.

20. Frost, J.J., et al., Multicompartmental Analysis of [11C]-Carfentanil Binding to Opiate Receptors in
Humans Measured by Positron Emission Tomography. Journal of Cerebral Blood Flow &
Metabolism, 1989. 9(3): p. 398–409.



Page 12/18

21. Saccone, P.A., et al., Intranasal Opioid Administration in Rhesus Monkeys: PET Imaging and
Antinociception. The Journal of pharmacology and experimental therapeutics, 2016. 359(2): p. 366–
373.

22. Kamei, J., N. Kawashima, and Y. Kasuya, Paradoxical analgesia produced by naloxone in diabetic
mice is attributable to supersensitivity of delta-opioid receptors. Brain Res, 1992. 592(1-2): p. 101–5.

23. Morgan, D., et al., Evaluation of prescription opioids using operant-based pain measures in rats. Exp
Clin Psychopharmacol, 2008. 16(5): p. 367–75.

24. Anttila, J.E., et al., Post-stroke Intranasal (+)-Naloxone Delivery Reduces Microglial Activation and
Improves Behavioral Recovery from Ischemic Injury. eNeuro, 2018. 5(2).

25. Hutchinson, M.R., et al., Non-stereoselective reversal of neuropathic pain by naloxone and naltrexone:
involvement of toll-like receptor 4 (TLR4). The European journal of neuroscience, 2008. 28(1): p. 20–
29.

2�. Wang, X., et al., Naloxone attenuates ischemic brain injury in rats through suppressing the
NIK/IKKα/NF-κB and neuronal apoptotic pathways. Acta Pharmacologica Sinica, 2019. 40(2):
p. 170–179.

27. Biała, G., B. Budzyńska, and M. Kruk, Naloxone precipitates nicotine abstinence syndrome and
attenuates nicotine-induced antinociception in mice. Pharmacol Rep, 2005. 57(6): p. 755–60.

2�. Watkins, S.S., et al., Reward and somatic changes during precipitated nicotine withdrawal in rats:
centrally and peripherally mediated effects. J Pharmacol Exp Ther, 2000. 292(3): p. 1053–64.

29. Dalkara, T., et al., Intravenously and iontophoretically administered naloxone reverses ischemic
changes in rat hippocampus. Stroke, 1989. 20(8): p. 1059–64.

30. Myers, W.D., K.T. Ng, and G. Singer, Effects of naloxone and buprenorphine on intravenous
acetaldehyde self-injection in rats. Physiol Behav, 1984. 33(3): p. 449–55.

31. Kim, S., et al., Longer occupancy of opioid receptors by nalmefene compared to naloxone as
measured in vivo by a dual-detector system. J Nucl Med, 1997. 38(11): p. 1726–31.

32. Johansson, J., et al., Intranasal naloxone rapidly occupies brain mu-opioid receptors in human
subjects. Neuropsychopharmacology: o�cial publication of the American College of
Neuropsychopharmacology, 2019. 44(9): p. 1667–1673.

33. Eriksson, O. and G. Antoni, [11C]Carfentanil Binds Preferentially to µ-Opioid Receptor Subtype 1
Compared to Subtype 2. Molecular Imaging, 2015. 14: p. 476-483.

34. Melichar, J.K., D.J. Nutt, and A.L. Malizia, Naloxone displacement at opioid receptor sites measured
in vivo in the human brain. Eur J Pharmacol, 2003. 459(2-3): p. 217–9.

35. FDA Approves Higher Dosage of Naloxone Nasal Spray to Treat Opioid Overdose. 2021; Available
from: https://www.fda.gov/news-events/press-announcements/fda-approves-higher-dosage-
naloxone-nasal-spray-treat-opioid-overdose.

3�. FDA approves naloxone injection to counteract opioid overdoses. 2021; Available from:
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-naloxone-injection-counteract-



Page 13/18

opioid-overdoses.

37. Moss, R.B. and D.J. Carlo, Higher doses of naloxone are needed in the synthetic opioid era.
Substance Abuse Treatment, Prevention, and Policy, 2019. 14(1): p. 6.

3�. Evans, J.M., et al., Degree and duration of reversal by naloxone of effects of morphine in conscious
subjects. British medical journal, 1974. 2(5919): p. 589–591.

39. Skolnick, P., Treatment of overdose in the synthetic opioid era. Pharmacol Ther, 2021: p. 108019.

40. Dannals, R.F., et al., Radiosynthesis of an opiate receptor binding radiotracer: [11C]carfentanil. Int J
Appl Radiat Isot, 1985. 36(4): p. 303–6.

41. Zhang, Z., et al., A simple automated synthesis of [11C]carfentanil utilizing SPE method without
HPLC separation for the routine use. Journal of Nuclear Medicine, 2009. 50(supplement 2): p. 1960.

42. Le Merrer, J., et al., Reward processing by the opioid system in the brain. Physiol Rev, 2009. 89(4):
p. 1379–412.

43. Quelch, D.R., et al., Imaging endogenous opioid peptide release with [11C]carfentanil and
[3H]diprenorphine: in�uence of agonist-induced internalization. Journal of cerebral blood �ow and
metabolism: o�cial journal of the International Society of Cerebral Blood Flow and Metabolism,
2014. 34(10): p. 1604–1612.

44. Carson, R.E., et al., Comparison of Bolus and Infusion Methods for Receptor Quantitation: Application
to [18F]Cyclofoxy and Positron Emission Tomography. Journal of Cerebral Blood Flow &
Metabolism, 1993. 13(1): p. 24–42.

45. Laruelle, M., et al., SPECT Quanti�cation of [123I]Iomazenil Binding to Benzodiazepine Receptors in
Nonhuman Primates: II. Equilibrium Analysis of Constant Infusion Experiments and Correlation with
in vitro Parameters. Journal of Cerebral Blood Flow & Metabolism, 1994. 14(3): p. 453–465.

4�. Sullivan, J.M., et al., Kinetic Analysis of the Metabotropic Glutamate Subtype 5 Tracer [18F]FPEB in
Bolus and Bolus-Plus-Constant-Infusion Studies in Humans. Journal of Cerebral Blood Flow &
Metabolism, 2013. 33: p. 532–541.

47. Zhang, Y. and G.B. Fox, PET imaging for receptor occupancy: meditations on calculation and
simpli�cation. J Biomed Res, 2012. 26(2): p. 69–76.

4�. van der Graaf, P.H., Systems Pharmacology and Pharmacodynamics. CPT: Pharmacometrics &
Systems Pharmacology, 2017. 6(12): p. 803-803.

Figures



Page 14/18

Figure 1

Structures of fentanyls and naloxone. Each arrow represents positions which have been abundantly
reported to generate illegal fentanyls via chemical modi�cation with various substituents. 
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Figure 2

[11C]CFN displacement study with two doses of IV NLX (baseline, n=3; 0.035 mg/kg, n=3; 0.17 mg/kg,
n=3). Averaged time-activity curves in the cerebellum (A) and thalamus (B) were generated in standard
uptake value (SUV, g/mL). Averaged SUVs of thalamus to cerebellum ratios (SUVr) for baseline and the
two NLX doses (C). Dose-dependent displacement rate was expressed as absolute gradient change after
NLX post-treatment (D). NLX was administered at 15 min after [11C]CFN injection. 
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Figure 3

Averaged PET brain images of [11C]CFN for baseline and the NLX treatments (0.035 mg/kg and 0.17
mg/kg NLX) aligned with W. Schiffer Rat Brain atlas using PMOD . NLX was given 15 min after [11C]CFN
administration to assess displacement. The top row corresponds to the average images obtained at 0-15
min and the bottom row corresponds to averaged images obtained at 15-30 min, in which at 15 min, NLX
was injected for 0.035 and 0.17 mg/kg doses.
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Figure 4

MOR occupancy pro�les after IV NLX for two doses (circle, 0.035 mg/kg; rectangle, 0.17 mg/kg).
Occupancy data averaged for each time point were plotted with a sigmoidal function. NLX 0.035 mg/kg
corresponds to 0.4 mg HED and NLX 0.17 mg/kg to 2 mg HED. Error bars correspond to standard
deviations.
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Figure 5

Averaged plasma concentration after IV NLX in rats. NLX was administered intravenously for each of the
two doses (0.035 mg/kg, n=3; 0.17 mg/kg, n=3). 
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