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induced by a fentanyl-xylazine mixture in a rat model
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Xylazine, a veterinary tranquillizer known by drug users as “Tranq”, is being increasingly detected in people who overdose on opioid
drugs, indicating enhanced health risk of fentanyl-xylazine mixtures. We recently found that xylazine potentiates fentanyl- and
heroin-induced brain hypoxia and eliminates the rebound-like post-hypoxic oxygen increases. Here, we used oxygen sensors
coupled with high-speed amperometry in rats of both sexes to explore the treatment potential of naloxone plus atipamezole, a
selective a2-adrenoceptor antagonist, in reversing brain (nucleus accumbens) and periphery (subcutaneous space) hypoxia induced
by a fentanyl-xylazine mixture. Pretreatment with naloxone (0.2 mg/kg, IV) fully blocked brain and peripheral hypoxia induced by
fentanyl (20 pg/kg, IV), but only partially decreased hypoxia induced by a fentanyl-xylazine mixture. Pretreatment with atipamezole
(0.25 mg/kg, IV) fully blocked the hypoxic effects of xylazine (1.0 mg/kg, IV), but not fentanyl. Pretreatment with atipamezole +
naloxone was more potent than naloxone alone in blocking the hypoxic effects of the fentanyl-xylazine mixture. Both naloxone and
naloxone + atipamezole, delivered at the peak of brain hypoxia (3 min post fentanyl-xylazine exposure), reversed the rapid initial
brain hypoxia, but only naloxone + atipamezole decreased the prolonged weaker hypoxia. There were no sex differences in the
effects of the different drugs and their combinations on brain and peripheral oxygen responses. Results indicate that combined
treatment with naloxone and atipamezole is more effective than naloxone alone in reversing the hypoxic effects of fentanyl-
xylazine mixtures. Naloxone + atipamezole treatment should be considered in preventing overdoses induced by fentanyl-xylazine

mixtures in humans.

Neuropsychopharmacology; https://doi.org/10.1038/s41386-023-01782-2

INTRODUCTION

The illicit use of fentanyl and other structurally similar potent
synthetic opioids is a serious health issue marked by the
progressive rise of overdose-induced deaths [1-3]. Fentanyl
rapidly reaches the brain and induces multiple physiological
effects, including respiratory depression followed by brain
hypoxia, the primary cause of overdose-induced death [4-6].
The opioid antagonist naloxone is the primary tool to reverse
respiratory depression induced by opioid drugs [7-9]. However,
this therapeutic strategy is often less effective with fentanyl [10,
111. Insufficient dose is thought to be the primary factor limiting
the therapeutic effectiveness of naloxone [4, 9-11], but the delay
between appearance of overdose symptoms and initiation of
naloxone treatment is another critical factor [12].

In real-life conditions, pure fentanyl is rarely used alone and is
typically co-used with other drugs like benzodiazepines, ketamine,
alcohol, and cocaine [13]. More recently, xylazine, a veterinary
tranquilizer used for general anesthesia in non-human animals
[14], has been found in drug samples obtained from fentanyl
overdosed patients [3, 15]. Xylazine is an agonist of a-2
adrenoceptors, and it induces dose-dependent sedation, hypoten-
sion, bradycardia, and muscle relaxation, depressing vital

functions at higher doses [16, 17]. Xylazine does not bind to
opioid receptors but shares many common physiological effects
with opioids, resulting in potentiation of opioid-induced sedative
and hypoxic effects, posing a greater risk of overdose-induced
death from fentanyl-xylazine mixtures.

In a recent electrochemical study in male rats, we examined
real-time changes in brain oxygenation induced by xylazine alone
and together with fentanyl and heroin [18]. We found that
intravenous (IV) injections of low doses of xylazine induce weak
and tonic decreases in brain oxygen levels. However, when
injected together with IV fentanyl or heroin, it prolonged the
hypoxic effect of the opioid drugs.

The goal of the present study was to explore a potential
pharmacological treatment to prevent the severe brain hypoxia
induced by the fentanyl-xylazine mixture. Using oxygen sensors
coupled with high-speed amperometry, we simultaneously
assessed drug-induced changes in oxygen levels in the brain
and subcutaneous (SC) space and determined whether a
combined treatment with naloxone and atipamezole, a selective
a2-adrenoceptor antagonist, will be more effective than naloxone
alone in reversing this hypoxia. Brain oxygenation is a functionally
important parameter that affects the health and survival of neural
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cells, and simultaneous assessment of drug-induced oxygen
responses in the periphery makes it possible to examine the
relationships between central and peripheral oxygen dynamics
and understand the mechanisms underlying brain oxygen
responses [19]. As in our previous studies, the nucleus accumbens
(NAc), a brain area involved in sensorimotor integration and
functioning of motivation-reinforcement circuits [20-22], was the
recording brain site.

MATERIALS AND METHODS

Subjects

This study was conducted in 18 adult Long-Evans rats (Charles River
Laboratories) of both sexes. Male rats (n=12) weighed 450+40g and
female rats (n = 6) weighed 375+ 25 g at the time of surgery. Rats were
individually housed in a climate-controlled animal colony maintained on a
12-12 h light-dark cycle with food and water freely available. Procedures
were approved by the NIDA-IRP Animal Care and Use Committee and
complied with the Guide for the Care and Use of Laboratory Animals (NIH,
Publication 865-23).

Surgical preparations

Surgical preparations were described in detail elsewhere [18, 23, 24]. Under
general anesthesia (ketamine 80 mg/kg + xylazine 8 mg/kg with subse-
quent dosing), each rat was implanted with two oxygen sensors (Model
7002-02; Pinnacle Technology) and jugular catheter. The first sensor was
implanted in the medial segment of the NAc [AP + 1.2 mm, ML + 0.8 mm,
and DV + 7.2-7.6 mm from the skull surface [25]. The second sensor was
implanted in the SC space in the frontal area of the rat’s head. This area is
densely vascularized, and a sensor implanted in this area remains stable in
freely moving rats, providing an artifact-free and reliable measure of
oxygen levels in the periphery [19]. The probes were secured with dental
cement to three stainless steel screws threaded into the skull. The jugular
catheter ran subcutaneously to a head mount and was secured to the
same head assembly. The rats were given 5 or more days to recover from
surgery and also given 3 or more daily sessions (~6 h each) for habituation
to the recording environment. Jugular catheters were flushed daily with
0.2 ml heparinized saline to maintain patency.

Electrochemical detection of oxygen

Pinnacle oxygen sensors consist of an epoxy-sheathed disc electrode
grounded to a fine surface using a diamond-lapping disc. The sensors are
prepared from a Platinum-Iridium wire 180 um in diameter, with a sensing
area of 0.025 mm? at the tip. The active electrode is incorporated with an
integrated Ag/AgCl reference electrode. Dissolved oxygen is reduced on
the active surface of these sensors, which is held at a stable potential of
—0.6 V versus the reference electrode, producing an amperometric current.
The current from the sensor is relayed to a computer via a potentiostat
(Model 3104, Pinnacle Technology) and recorded at 1-s intervals, using PAL
software utility (Version 1.5.0, Pinnacle Technology).

The oxygen sensors were calibrated at 37°C by the manufacturer
(Pinnacle Technology) according to a standard protocol described
elsewhere [26] and their sensitivity was calibrated in-house. The sensors
produced incremental current changes with increases in oxygen concen-
trations within the wide range of previously reported brain oxygen
concentrations (0-40 uM). Substrate sensitivity of each sensor varied from
0.57-1.19 nA/1 uM. Oxygen sensors were also tested by the manufacturer
for their selectivity toward other electroactive substances, including
dopamine (0.4 pM) and ascorbate (250 pM), none of which had significant
effects on reduction currents.

Experimental procedures

The rats were habituated to the recording cages for 4-6 h over three days
prior to surgery. At the beginning of each recording session, the rats were
minimally anesthetized (<2min) with isoflurane and sensors were
connected via an electrically shielded flexible cable and a multi-channel
electrical swivel to the recording instruments. The injection port of the
jugular catheter on the head mount was connected to a plastic catheter
extension that allows stress- and cue-free drug delivery from outside the
cage. When the rats received two different drugs within one recording
session, two catheter extensions mounted on the recording cable were
used to minimize any contamination of one drug by another drug. Testing
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began a minimum of 60 min after connecting the sensors to the recording
instruments, when baseline values of electrochemical currents stabilized.
For the next 4-6 h, the rats received several drug treatments (see below).
Upon completion of the drug treatments, they were removed from the
cages and briefly anesthetized by isoflurane to disconnect them from the
recording instruments. Then, the catheters were flushed with heparinized
saline before the rats returned to the animal colony. The recordings of
each rat were conducted for 2-5 sessions, and the number of sessions in
each experiment was determined by the quality of electrochemical
recording and patency of the IV catheter. The drugs were delivered via
slow IV injections (~0.2ml/10s) to freely moving rats in quiet resting
conditions.

Fentanyl (Fentanyl Citrate Injection 50 pg/mL; Hospira Inc) was
delivered at a 20 pg/kg dose, which is larger than that for clinical use as
an analgesic drug and for maintaining self-administration behavior in rats
(typically 1-10 pg/kg; [27-29] but is within the limits of possible human
consumption, which can exceed 1-2 mg [4].

Xylazine (Xylazine HCl, MP) was used at a 1 mg/kg dose, which is much
lower than the LD50 for IV administration in rats (22-43 mg/kg; [30]). Based
on our previous study, xylazine at this dose modestly decreases locomotor
activity, brain and body temperature, and NAc oxygen levels [18].
Naloxone (naloxone HCl, Sigma) was used at a 0.2 mg/kg dose, which is
higher than the doses used clinically (2-8 mg/70kg; [10, 11] but relatively
low in preclinical studies [31]. Atipamezole (Atipamezole HCl, Antisedan,
Zoetis) was used at a 0.25mg/kg dose, a dose known to reverse the
sedative and analgesic effects of xylazine [32]. This dose is much lower
than LD50 for IV administration in rats (>30 mg/kg; [32]. In humans, 30 mg
of atipamezole has no cardiovascular and subjective effects, and 100 mg of
the drug induces motor restlessness and weak hypertension [32].

Our study combines the results obtained in six experiments, shown
schematically in Supplementary Materials (Supplementary Fig. S1). Chron-
ologically, our tests were initially conducted in male rats and then in
female rats. In the first two experiments, we tested the effect of naloxone
or atipamezole on changes in oxygen levels in the NAc and SC space
induced by fentanyl alone or xylazine alone, respectively. Fentanyl or
xylazine were injected twice: first alone and then 10 min after an injection
of the respective antagonist. In the next two experiments, we tested the
effect of pretreatment with naloxone or naloxone + atipamezole on
oxygen responses induced by the fentanyl-xylazine mixture. As in the
previous tests, the fentanyl-xylazine mixture was delivered twice: first
alone and then 10min after an injection of naloxone or naloxone +
atipamezole. In the last two tests, we examined the effect of naloxone or
naloxone + atipamezole on oxygen responses induced by the fentanyl-
xylazine mixture. In contrast to the pretreatment procedure used in the
previous tests, the antagonists were injected 3 min after the injection of
the fentanyl-xylazine mixture, when brain oxygen level showed a maximal
decrease. The order of all tests was counterbalanced. As in our previous
study [12], in all six experiments, the first injection of fentanyl, xylazine, or
fentanyl-xylazine served as the comparison/reference point for the
subsequent tests for the effects of naloxone, atipamezole, or naloxone +
atipamezole on the hypoxic effects of fentanyl, xylazine, or fentanyl-
xylazine. We used this within-subjects repeated-measures approach
because in our previous study, we found stable oxygen responses to
three repeated IV fentanyl (20 pg/kg) injections when they were given at
60-90 min intervals [12].

Histological verification of electrode placements

After the completion of the experiments, the rats were euthanized with
isoflurane, decapitated, and their brains were extracted and placed in 10%
formalin. The brains were sliced on a cryostat and analyzed for verification
of the location of implants and possible tissue damage around the
recording site.

Data analysis

Electrochemical data were sampled at 1Hz using PAL software utility
(Pinnacle Technology) and analyzed with 1-min time resolution. Electro-
chemical data were first analyzed as raw currents. Because each individual
sensor differed slightly in background current and substrate sensitivity
in vitro, the currents were transformed into concentrations and
represented as relative changes, with the pre-stimulus baseline set at
100%. One-way repeated measures ANOVAs (followed by Fisher LSD post-
hoc tests) were used to evaluate statistical significance of drug-induced
changes in brain oxygen levels. Two-way repeated-measure ANOVAs were
used to analyze between-group differences in drug effects. Fentanyl,
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Fig. 1 Oxygen responses induced by fentanyl, xylazine, and their mixture in male and female rats. Graphs show mean (+SEM) oxygen
changes in the NAc (A) and SC space (B) shown in percent vs. pre-injection baseline. XYL=xylazine; NAL=naloxone, ATl=atipamezole. n
represents the number of averaged responses obtained in 12 male and 6 female rats. Filled symbols represent values significantly different

from pre-injection baseline.

xylazine, and fentanyl-xylazine effects on oxygen responses were similar
and statistically non-significant between males and females (see Fig. 1).
There were also no statistically significant differences between males and
females for the data presented in Figs. 2-4. Thus, we combined the male
and female data for the figures and statistical analyses. For a complete
statistical reporting, see Supplementary Materials.

RESULTS

Fentanyl (20 pg/kg)

The central (NAc) effect of fentanyl in rats of both sexes was
biphasic: a rapid, robust (~50-60% of pre-injection baseline), and
transient (6-8 min) decrease followed by a weaker and prolonged
increase (Fig. 1A). In contrast, oxygen changes in the SC space
were monophasic: a strong (~30% of baseline) and prolonged
decrease (~50min) (Fig. 1B). The fentanyl-induced oxygen
responses in the NAc and SC space were similar in males and
females.

Xylazine (1 mg/kg)

The drug induced significant changes in oxygen levels, with weak
(~80-90% of baseline), slow, and prolonged oxygen decreases in
the NAc and more rapid and stronger (~60%) decreases in the SC
space (Fig. 1). These between-site differences were significant for
~10 min post-injection.

Fentanyl-xylazine mixture

The mixture induced an initial brain oxygen decrease that was
similar in magnitude to fentanyl alone, but the effect was
monophasic, and the duration of hypoxia was longer than that
with fentanyl alone (40-50 min vs. 8 min) (Fig. 1). The changes in
SC space were also monophasic and more prolonged, exceeding
those in the brain for the entire 90 min post-injection (Fig. 1).

Neuropsychopharmacology

Together, the addition of xylazine to fentanyl had a minimal
effect on the initial phasic brain and peripheral hypoxia but
significantly prolonged the subsequent tonic hypoxia. These
patterns of drug-induced oxygen fluctuations were sex-
independent.

Effect of pretreatment with naloxone or atipamezole on fentanyl- or
xylazine-induced hypoxia. Naloxone (0.2 mg/kg) injected 10 min
before fentanyl blocked the decreases in oxygen levels induced by
fentanyl in both recording locations (Fig. 2Aa). In contrast to the
biphasic oxygen response induced by the first fentanyl injection,
after pretreatment with naloxone, NAc oxygen levels did not
change after the second fentanyl injection (Fig. 2Ab). A similar
blockade was seen in the SC space (2Ac). Naloxone alone had a
smaller, inconsistent changes in oxygen in both the brain and SC
space (Fig. 2Aa).

Pretreatment with atipamezole (0.25mg/kg) blocked oxygen
responses induced by xylazine (Fig. 2Ba). The differences between
the first and second xylazine injections were significant for both
NAc (Fig. 2Bb) and SC space (Fig. 2Bc). Atipamezole also increased
oxygen levels in NAc but not the SC space.

Together, pretreatment with naloxone or atipamezole reversed
hypoxia induced by fentanyl or xylazine.

Effect of pretreatment with naloxone or naloxone + atipamezole on
fentanyl-xylazine ~mixture-induced hypoxia. Naloxone pretreat-
ment only partially blocked hypoxia induced by the fentanyl-
xylazine mixture (Fig. 3Aa). In the NAc, naloxone modestly
weakened the phasic oxygen decrease. The between-group
difference was significant only at 6 min post-injection (Fig. 3Ab).
The inhibitory effect of naloxone on oxygen changes in the SC
space was also minimal (Fig. 3Ac): it modestly weakened the initial
phasic oxygen decrease and modestly shortened the duration of
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Fig. 2 The effects of naloxone or atipamezole on oxygen responses induced by fentanyl or xylazine in male and female rats. A Mean
(£SEM) changes in oxygen levels in the NAc and SC space induced by fentanyl (20 pg/kg, IV) before and after naloxone pretreatment (0.2 mg/
kg, IV). B Mean (+SEM) changes in oxygen levels in the NAc and SC space induced by xylazine (1 mg/kg, IV) before and after atipamezole
pretreatment (0.25 mg/kg, IV). In both panels, a = changes for the entire recording session calibrated in uM, b and ¢ = changes for the 1°* and
2"% drug injection shown as percent vs. pre-injection baseline (=100%). Filled symbols show values significantly different from pre-injection
baseline (p < 0.05). n = numbers of averaged responses obtained in 5 male and 5 female rats. Bold horizontal lines show time intervals during
which mean oxygen values between the 1°t and 2" injection of fentanyl or xylazine are significant (p < 0.05).

the tonic decrease. Naloxone + atipamezole pretreatment had a
much stronger effect on the oxygen response (Fig. 3Ba): the
antagonist combination blocked the oxygen decreases in both
NAc (Fig. 3Bb) and SC space (Fig. 3Bc).

Together, pretreatment with naloxone + atipamezole but not
naloxone alone fully reversed hypoxia induced by the fentanyl-
xylazine mixture.

Effect of treatment with naloxone or naloxone + atipamezole on
fentanyl-xylazine mixture-induced hypoxia. The experiments
described above showed that pretreatment with naloxone-
atipamezole blocked both central and peripheral hypoxia induced
by the fentanyl-xylazine mixture. In humans, however, the

SPRINGER NATURE

overdose rescue treatment is given following exposure to
fentanyl-xylazine mixtures. Therefore, we next tested whether
naloxone + atipamezole can reverse brain and peripheral hypoxia
when given at the time of the peak hypoxia induced by fentanyl-
xylazine mixture (~3 min under our experimental conditions).

Naloxone + atipamezole

As shown in Fig. 4A, the second injection of the fentanyl-xylazine
mixture induced a rapid decrease in brain oxygen levels, which
was like that induced by the first drug injection. When naloxone +
atipamezole were injected 3 min after the second injection of the
drug mixture, oxygen levels rapidly increased from their nadir to
levels significantly exceeding those seen after the first drug

Neuropsychopharmacology
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Fig. 3 The effects of naloxone or naloxone + atipamezole pretreatment on oxygen responses induced by fentanyl + xylazine in male
and female rats. Mean (+SEM) changes in oxygen levels in the NAc and SC space induced by fentanyl-xylazine mixture (20 pg/kg + 1.0 mg/kg,
IV) before and after pretreatment with naloxone (A 0.2 mg/kg, IV) and naloxone-atipamezole (B 0.2 mg/kg + 0.25 mg/kg, IV). In both panels,
a=changes for the entire test session calibrated in pM, b and c=changes for the 1 and 2" drug injection shown as percent
(baseline = 100%). Filled symbols show values significantly different from pre-injection baseline (p < 0.05. n = numbers of averaged responses
obtained in 5 male and 5 female rats. Bold horizontal lines show time intervals during which mean oxygen values between the 1°* and 2"

drug injection are significant (p < 0.05).

injection (Fig. 4Ab). In contrast to slow return to baseline after the
first fentanyl-xylazine injection, brain oxygen levels after nalox-
one -+ atipamezole injection rapidly increased above baseline. A
similar pattern of drug interaction was seen in the SC space:
oxygen levels rapidly increased to baseline, showing a weak
rebound-like increase (Fig. 4Ac).

Naloxone alone

Naloxone injected 3-min after the injection of the fentanyl-
xylazine mixture rapidly increased NAc oxygen levels but failed to
prevent the tonic decrease in oxygen levels that followed its rapid
decrease (Fig. 4Ba, b). Oxygen changes in the SC oxygen were

Neuropsychopharmacology

similar: rapid blockade of phasic hypoxia and no effect on the
subsequent tonic decrease (Fig. 4Bc).

The differences in the blocking effects of naloxone alone versus
naloxone + atipamezole are shown with a higher resolution in
Fig. 4C. Naloxone and naloxone + atipamezole were equally
effective in reversing acute drug-induced brain oxygen decreases.
However, naloxone + atipamezole but not naloxone tonically
increased brain oxygen above baseline (Fig. 4Ca). Similar
differences between naloxone versus naloxone + atipamezole
were observed in the SC space (Fig. 4Cb).

Together, injections of naloxone + atipamezole during peak
hypoxia had similar acute reversal effects to that of naloxone

SPRINGER NATURE
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Fig. 4 The effects of naloxone + atipamezole or naloxone alone on oxygen responses induced by fentanyl-xylazine mixture in male and
female rats. Effects of naloxone + atipamezole (A) and naloxone alone (B) on mean (+SEM) changes in oxygen levels in the NAc and SC space
induced by fentanyl-xylazine mixture (20 pg/kg + 1.0 mg/kg, IV). Antagonists were injected 3 min after injections of agonists. a = changes for
the entire test session calibrated in pM, b and ¢ = changes for the 1V and 2™ drug injection shown as percent vs. baseline = 100%. C shows
differences between the effects of naloxone and naloxone + atipamezole in NAc (a) and SC space (b). Filled symbols show values significantly
different from the pre-injection baseline. n = numbers of averaged responses obtained from 5 male and 5 female rats. Bold horizontal lines
show time intervals during which mean oxygen values between the 1°* and 2™ drug injection are significant (p < 0.05).
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alone but the treatment combination was more effective than
naloxone in reversing the prolonged tonic hypoxic effects of the
fentanyl-xylazine mixture in both the brain and periphery.

DISCUSSION

The primary goal of our study was to test the treatment potential
of the alpha-2 adrenoceptor antagonist atipamezole as a supple-
ment to naloxone treatment for reversal of hypoxia induced by
exposure to a fentanyl-xylazine mixture. We first found that, as
expected, naloxone pretreatment reversed fentanyl-induced brain
and peripheral hypoxia and that atipamezole pretreatment
reversed xylazine-induced hypoxia. Next, we found that pretreat-
ment with naloxone + atipamezole but not naloxone alone fully
reversed hypoxia induced by the fentanyl-xylazine mixture. We
also found that injections of naloxone + atipamezole during peak
brain hypoxia induced by the fentanyl-xylazine mixture had similar
acute reversal effects to that of naloxone. However, the treatment
combination was more effective than naloxone alone in reversing
the prolonged tonic hypoxic effects in both the brain and
periphery. Finally, there were no sex differences in the peripheral
and central hypoxic effects of fentanyl, xylazine, and the fentanyl-
xylazine combination or the anti-hypoxic effects of naloxone,
atipamezole, or naloxone + atipamezole. These results suggest
that common sex-independent mechanisms underlie the effects of
opioid and noradrenergic drugs on central and peripheral hypoxia.

Oxygen responses induced by fentanyl, xylazine and a
fentanyl-xylazine mixture

Consistent with our previous study [12], fentanyl induced a
biphasic brain oxygen response, with rapid and strong decrease
followed by weaker and more prolonged increase. Oxygen levels
in the SC space also rapidly decreased but this effect was
monophasic, stronger, and more prolonged than in the brain.
While respiratory depression followed by decreased blood oxygen
levels is the major factor for oxygen decreases in both locations, a
stronger response in the SC space is likely due to additional
contribution of fentanyl-induced skin vasoconstriction [18, 33].
The subsequent brain oxygen increase induced by fentanyl may
result from cerebral vasodilation and increased global cerebral
blood flow due to the post-hypoxic accumulation of CO2, a
powerful vasodilator [34-36], and redistribution of arterial blood
from periphery to brain due to peripheral vasoconstriction [37].

Xylazine also decreased brain oxygen levels, but this effect was
monophasic, much weaker, less rapid, but more prolonged than
that induced by fentanyl. The oxygen response in the SC space
was also monophasic, more rapid, stronger, and more prolonged
than in the brain. While weak brain hypoxia may result from weak
respiratory depression due to xylazine-induced decreased sympa-
thetic activity [14, 16, 38], drug-induced cerebral vasoconstriction
[39], which diminishes oxygen entry to the brain from arterial
blood, may be another contributing factor.

The fentanyl-xylazine mixture also decreased oxygen levels in the
brain and periphery with several distinct differences. While the
initial brain oxygen decrease was somewhat like that induced by
fentanyl alone, the response was monophasic, with no hyperoxic
phase and a more prolonged duration of hypoxia. Like with
fentanyl, hypoxia was much stronger in the periphery than in the
brain and between-site differences were larger than those seen with
fentanyl. We speculate that cerebral vasoconstriction induced by
xylazine [39] could be responsible for disappearance of hyperoxic
phase of fentanyl response and prolongation of brain hypoxia.

Effect of pretreatment with naloxone and

naloxone + atipamezole on hypoxia induced by a fentanyl-
xylazine mixture

As expected, the opioid receptor antagonist naloxone blocked the
hypoxic effects of fentanyl in both the brain and periphery. As in
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our previous studies [12, 31], naloxone had a minimal effect on
basal oxygen levels. Similarly, the hypoxic effects of xylazine, an
a2-adrenoceptor agonist, were blocked by atipamezole, a
selective a2-adrenoceptor antagonist [31, 40, 41]. In both the
brain and periphery, the effect of atipamezole was seen at a low
dose (0.25 mg/kg), which is ~1:120 of the drug’s LD50 [29]. Unlike
naloxone, atipamezole significantly increased oxygen levels in the
brain with no effect in the periphery.

As a first stage to compare the blocking effects of naloxone and
naloxone + atipamezole, we used a traditional pharmacological
approach where the effect of the agonist drugs (fentanyl-xylazine
mixture) was evaluated after pretreatment with an antagonist
drug (naloxone or naloxone + atipamezole). Using this approach,
we found that naloxone, which fully blocked fentanyl-induced
oxygen responses, was only partially effective in reversing the
initial phasic hypoxic responses induced by the fentanyl-xylazine
mixture. The reversal effect was minimal in the SC space, where
the fentanyl-xylazine mixture continued to produce prolonged
hypoxia. In contrast, atipamezole + naloxone fully blocked oxygen
responses in both the brain and SC space.

Effects of treatment with naloxone and

naloxone + atipamezole during peak hypoxia induced by a
fentanyl-xylazine mixture

The results of the pretreatment experiment show that the
combined treatment of naloxone + atipamezole had a stronger
effect than naloxone alone on brain hypoxia induced by the
fentanyl-xylazine mixture. However, in humans, the overdose
treatment is given after exposure to fentanyl-xylazine mixtures
and appearance of life-threatening symptoms. Thus, treatment
efficacy should be determined under these conditions. In real life,
the timing from appearance of opioid-induced hypoxia and
naloxone treatment greatly varies. This timing issue is especially
important for fentanyl because its hypoxic effects in the brain are
rapid and strong but relatively short. We previously found that
when naloxone was injected 10 min after 20 pg/kg fentanyl, it had
minimal effects on oxygen levels because brain hypoxia was no
longer observed [12]. At a higher dose (60 ug/kg), the hypoxic
effect of fentanyl in the brain was larger in amplitude but only
slightly more prolonged (~11 min vs. 8 min). In this case, naloxone
decreased the hypoxic effects of fentanyl in the periphery but only
had a weak and transient effect in NAc. These findings underscore
the critical importance of timing of naloxone injection after
fentanyl exposure.

In the present study, we modified our protocol and injected
naloxone or naloxone + atipamezole 3 min after exposure to the
fentanyl-xylazine mixture, the time of peak hypoxia. In this case,
both naloxone and naloxone + atipamezole rapidly reversed the
hypoxic effects of fentanyl-xylazine mixture. The effect was
exceptionally rapid (30-40s) and correlated with awakening and
increase in locomotor activity (data not shown). Despite similar
initial effects, there were subsequent differences between the two
treatment conditions. After naloxone injections, brain oxygen
levels rapidly returned to the pre-injection baseline, but then they
modestly decreased again. Similar delayed effects were also seen
in the SC space. In contrast, after naloxone + atipamezole
injections, the peripheral hypoxia was fully reversed and the
treatment also induced a strong post-hypoxic oxygen increase in
the brain, which was maintained for ~30-40 min post-treatment.

Together, naloxone, which was highly effective in reversing the
initial hypoxic effects of the fentanyl-xylazine mixture, only partially
reversed the subsequent prolonged oxygen decreases, especially in
the periphery. In contrast, naloxone + atipamezole fully reversed
hypoxia in both the brain and periphery and induced relatively
strong and prolong post-hypoxic oxygen increase. Thus, atipame-
zole, by blocking central vascular effects of xylazine, revealed a
hyperoxic effect of fentanyl, thus opposing brain hypoxia resulting
from respiratory depression. This adaptive response was inhibited
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after exposure to the fentanyl-xylazine mixture and was not
reversed by treatment with naloxone alone. Therefore, naloxone +
atipamezole mixture, by providing better brain oxygenation, is
more effective than naloxone alone in reversing the more severe
hypoxic effects of fentanyl-xylazine mixtures.

Limitations of the study

Despite the advantages of electrochemical assessment of brain
oxygenation, our study has several limitations. First, the complex-
ity of the electrochemical technique places limits on the numbers
of subjects and drug doses that can be assessed. In this regard,
one potential limitation of our study is the use of a single drug
dose for the four drugs we used. However, the choice of the single
dose for each drug was based on the literature and our previous
studies [12, 18, 23]. Thus, it is unlikely that additional doses, either
lower or higher than the chosen doses, will change the main
conclusion of the study: that naloxone -+ atipamezole combination
is more effective than naloxone alone in preventing the hypoxic
effect of fentanyl-xylazine mixtures. Nevertheless, it will be
important in future studies to test a range of doses of each drug
and their combinations, injected acutely or repeatedly, to
determine the optimal conditions for the protective effects of
naloxone + atipamezole.

Second, the goal of our study was to mimic the human
condition of the life-threatening effects of fentanyl that occur
within a short time after consumption of fentanyl-xylazine
mixtures in people with minimal or no prior opioid or xylazine
experience. Thus, a question for future research is the generality of
our results to opioid-dependent rats after tolerance to the hypoxic
effects of opioids in the brain and periphery has developed and
naloxone injections induce physical withdrawal and sympathetic
activation [42, 43]. Another important future direction is the
generality of our results to experimental subjects with a prior
history of opioid dependence after a period of forced abstinence
during which tolerance has dissipated, a putative animal model
for relapse to opioid use after inpatient detoxification treatment or
release from jail. Another important future direction is the study of
the long-term effects of fentanyl-xylazine mixture-induced acute
hypoxia on opioid reward, relapse, and cognition.

Third, the rats in our study had prior experience with a single
high dose of xylazine (8 mg/kg) during surgery, which may affect
their response to a low dose of xylazine (1 mg/kg) during testing.
We believe that this possibility is unlikely because of the short
duration of action of xylazine and the fact that several days or
more separated the surgery from the testing days.

Finally, there are large differences metabolic activity and drug
pharmacokinetics between rats and humans [44-46]. Thus, further
research is needed to translate our data to effective dose
combinations of naloxone and atipamezole to reverse hypoxia
induced by fentanyl-xylazine mixtures in humans.

Clinical implications

Our results highlight the critical importance of using naloxone in
most cases of human misuse of either fentanyl or fentanyl-xylazine
mixtures. In our rat model, naloxone was highly effective in
reversing the initial severe brain hypoxia induced by either
fentanyl or the fentanyl-xylazine mixture. Since the hypoxic effects
of fentanyl in the brain are very rapid, strong, but relatively short,
and followed by post-hypoxic hyperoxia, our data underscore the
importance of the narrow time range for initiating naloxone
treatment, which is most effective immediately after overdose
symptoms are detected. Perhaps more important, our data
strongly support the potential use of atipamezole together with
naloxone in overdose cases where patients do not immediately
respond behaviorally to naloxone, suggesting the presence of
xylazine. Atipamezole is highly potent but safe in rats, suggesting
a similar safety profile in humans.
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