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ABSTRACT

The high frequency of opioid overdose deaths often involves co-use of alcohol, which is
reported in approximately 30% of fentanyl fatalities. Both substances depress
respiratory function, and their combined effects can be lethal. The present study
investigated physiological parameters of respiratory-depressant effects of fentanyl when
co-administered with alcohol and its sensitivity to naloxone reversal using whole-body
plethysmography in male and female Long-Evans rats. Administration of a high,
sedative-like dose of alcohol alone or fentanyl alone resulted in no mortality, but
fentanyl+alcohol led to mortality rates of 42% and 33% in females and males,
respectively. The fentanyl+alcohol combination reduced minute ventilation and
increased apneic pauses compared with either drug alone. Lower, binge-like alcohol
doses when combined with fentanyl also amplified respiratory depression. Pretreatment
with naloxone did not fully restore normal respiration. Naloxone administered after
fentanyl+alcohol transiently reversed the decrease in minute ventilation but did not
reverse apneic pauses. Fentanyl-dependent rats were partially tolerant to fentanyl- and
fentanyl+alcohol-induced respiratory depression, but alcohol-dependent rats exhibited
sensitization to alcohol- and fentanyl+alcohol-induced apnea. These findings highlight
physiological parameters of severe respiratory risks with fentanyl+alcohol co-use, which
are inadequately reversed by naloxone, underscoring the need for targeted strategies to

manage opioid+alcohol overdoses.



INTRODUCTION

The number of drug overdose deaths that involve opioids in the United States
started to decrease in 2023, but still 54,745 fatalities were recorded in 2024 (1).
Fentanyl is associated with 88% of current opioid overdose fatalities (2), but other
drugs, including alcohol, are frequently co-involved (3). Alcohol is present in 30% of
fatalities that are attributed to heroin and fentanyl (4), but high doses of alcohol alone
can also lead to fatal respiratory depression (5-7).

The higher risk of overdoses when opioids are combined with alcohol has been
well documented (8, 9), but the mechanisms have not been well characterized.
Overdose deaths that involve opioid+alcohol combinations doubled between 2000 and
2019 (10), which highlights the urgency to investigate mechanisms of lethality caused
by their combination to guide the development of effective reversal interventions.

Opioid overdose deaths are primarily attributed to respiratory depression, an
effect that is mediated by p-opioid receptors (MOR) in brainstem respiratory nuclei,
which modulate respiratory rhythms in response to sensory feedback from carotid
bodies and respiratory muscles (11). The mechanism by which alcohol induces
respiratory depression is unclear, but early reports suggested the involvement of
endogenous opioid signaling pathways (12, 13).

Naloxone, a preferential MOR antagonist, is the gold-standard treatment to
reverse opioid-induced respiratory depression. However, its efficacy in reversing the
depressant effects of fentanyl+alcohol is not well characterized. Understanding such

interactions is foundational for the development of better reversal treatments. We



hypothesized that fentanyl+alcohol would have additive respiratory-depressant effects,

and that naloxone would be insufficient to completely reverse it.



RESULTS
Additive effects of 25 ug/kg fentanyl and 1.18 g/kg alcohol on minute ventilation and

apneic pauses

The first experiment sought to investigate whether a high, sedative-like dose of
alcohol has additive effects to fentanyl in ventilatory parameters. The combination of 25
pg/kg fentanyl and the high dose of 1.18 g/kg alcohol resulted in high mortality (41.7%
females, 33.3% males; Figure 1B, Supplemental Figure 2), whereas neither alcohol
nor fentanyl alone produced mortality. Figure 1 show data from rats that completed all
tests.

Analysis over time: The repeated measure ANOVA (RM-ANOVA) for minute
ventilation showed a main effect of time (F1s,180=6.8939, p<0.00001), of treatment
(F3,30=11.946, p=0.00003) and a treatment x time interaction (Fs4,540=2.782, p<0.0001;
Figure 1C). Fentanyl decreased minute ventilation immediately upon injection (O min)
and increased ventilation at 20-30 and 85-90 min post-infusion compared with vehicle.
Alcohol decreased minute ventilation at 0-35 and 60-65 min post-infusion, and
fentanyl+alcohol decreased minute ventilation at 0-10 min post-infusion compared with
vehicle and at 10-30 min post-infusion compared with fentanyl alone. There was no

significant effect of sex, no sex x treatment interaction, no sex x time interaction, and no
sex x treatment x time interaction.

The RM-ANOVA for apneic pause showed a main effect of time (F1s,180=2.6952,
p=0.0004) and of treatment (F3,30=3.3695, p=0.031) and a significant treatment x time
interaction (Fs4,54 =2.0224, p<0.0001; Figure 1D). Fentanyl increased apneic pauses at

0-10 min post-infusion; alcohol at 5-10, 45, and 60-70 min post-infusion and



fentanyl+alcohol from 0 to 30, 40, 60, and 90-min post-infusion compared with vehicle.
Fentanyl+alcohol also increased apneic pauses at 0-20 and 70 min post-infusion
compared with alcohol alone, and at 5-45, 85, and 90 min post-infusion compared with
fentanyl alone. There was no significant effect of sex, no sex x treatment interaction, no
sex x time interaction, and no sex x treatment x time interaction.

Area under the curve (AUC): The AUC of minute ventilation for the first 15 min
post-infusion showed a main effect of treatment (F3,40=15.05, p<0.0001). Fentanyl alone
(p=0.018), alcohol alone (p<0.00001), and fentanyl+alcohol (p<0.00001) induced a
greater decrease in minute ventilation than vehicle (Figure 1E). Alcohol alone had a
greater effect than fentanyl alone (p=0.0423). Fentanyl+alcohol had similar effects to
alcohol (p=0.99) and fentanyl alone (p=0.13). There was no effect of sex and no sex x
treatment interaction.

The AUC of apneic pause for the first 15-min post-infusion showed a main effect
of treatment (F3,40=8.719, p=0.0001). Sidak’s post hoc test showed that alcohol alone
(p=0.024) and fentanyl+alcohol (p<0.00001) induced a greater increase in apneic
pauses than vehicle, but fentanyl alone did not (p=0.065; Figure 1F), whereas
increases in apneic pauses between fentanyl+alcohol and alcohol did not differ
(p=0.27). There was no effect of sex and no sex x treatment interaction.

The AUCs for the other nine parameters are shown in Table 4. Fentanyl+alcohol
had additive effects on tidal volume, inspiratory time, peak expiratory flow and end-
inspiratory pause compared to fentanyl and alcohol alone. Altogether, these data
indicate an additive effect of a sedative-like dose of alcohol with fentanyl on ventilatory

parameters.



Additive effects of 25 ug/kg fentanyl and 0.59 g/kg alcohol on minute ventilation and
apneic pauses

The second experiment sought to investigate whether a binge-like dose of
alcohol has additive effects to fentanyl in ventilatory parameters.

Analysis over time: The RM-ANOVA for minute ventilation showed a main effect
of time (F18,324=10.064, p<0.00001) and of treatment (F354=6.512, p=0.0011) and a
significant treatment x time interaction (Fs4,972=5.910, p<0.0001). Fentanyl alone
decreased minute ventilation at 0 and 5 min and increased ventilation at 15-35 and 55-
60 min post-infusion (p<0.05); alcohol alone decreased minute ventilation at 0-10 min
post-infusion (p<0.05), whereas fentanyl+alcohol decreased minute ventilation at 0-10,
20, and 60 min post-infusion compared with vehicle. Fentanyl+alcohol decreased
minute ventilation at 25-45 min post-infusion compared with fentanyl alone and at 0, 20,
and 60 min post-infusion compared with alcohol alone (p<0.05, Figure 2A). There was
no significant effect of sex, no sex x treatment interaction, no sex x time interaction, and
no sex x treatment x time interaction.

The RM-ANOVA for apneic pauses showed a main effect of time (F18,324=5.920,
p<0.0001), no main effect of treatment (F354=1.115, p=0.351) and a significant
treatment x time interaction (Fs4,972=5.396, p<0.0001; Figure 2B). Fentanyl increased
apneic pauses at 0-5 min post-infusion (p<0.05); alcohol at 50 min post-infusion
(p<0.05); and fentanyl+alcohol at 0-15 and 60 min post-infusion compared with vehicle.
Fentanyl+alcohol also increased apneic pauses at 0-15 min post-infusion compared
with fentanyl alone, and at 0-15, 50, and 60 min post-infusion compared with alcohol

alone (p<0.05). There was no main effect of sex, no sex x treatment interaction, and no



sex x treatment x time interaction. There was a significant sex x time interaction
(F18,324=2.712, p=0.0002), with males and females differing at 0 and 5 min.

Area under the curve: For minute ventilation the AUC for the first 15 min post-
infusion showed a main effect of treatment (F3,63=23.81, p<0.0001; Figure 2C). There
was a significant effect of sex (F1,68=8.133, p=0.0058; females > males) and a
significant sex x treatment interaction (F36s=4.672, p=0.0050). Females that received
fentanyl exhibited a greater decrease in minute ventilation than males (p=0.0001). In
females, Fentanyl (p<0.0001) and fentanyl+alcohol (p<0.0001) but not alcohol (p =
0.217) induced a greater decrease than vehicle. In males, fentanyl (p=0.024), alcohol
(p=0.044), and fentanyl+alcohol (p=0.0001) produced a greater decrease than vehicle.

For apneic pauses, the AUC for the first 15 min post-infusion showed a main
effect of treatment (F3,60=34.26, p<0.0001). Fentanyl (p=0.0002) and fentanyl+alcohol
(p<0.00001) caused a greater increase than vehicle (Figure 2D), and fentanyl+alcohol
induced a greater effect than fentanyl (p<0.0001) and alcohol (p<0.0001). There was a
trend toward an effect of sex (F1,60=3.900, p=0.053; females > males) but no sex x
treatment interaction (F3.60=1.456, p=0.236).

The AUCs for the other nine parameters are shown in Table 5. All treatments
increased AUC of all 9 parameters. Females had a more pronounced effect to fentanyl
on inspiratory time, peak expiratory flow and end-expiratory pause and a more
pronounced effect of fentanyl+alcohol on tidal volume and a blunted effect on inspiratory
time compared with males. Altogether, these data indicate an additive effect of a binge-

like dose of alcohol with fentanyl on ventilatory parameters.



A low dose of fentanyl (3.125 ug/kg) did not have additive effects with 0.59 g/kg alcohol
The third experiment investigated whether a binge-like dose of alcohol had

additive effects with a low dose of fentanyl in ventilatory parameters (Supplementary

Figure 4). Altogether, the data indicate no additive effect of a binge-like dose of alcohol

with a low dose of fentanyl on ventilatory parameters.

Naloxone injected 5 min after fentanyl+alcohol administration reversed the effect of
fentanyl+alcohol (25 ug/kg + 0.59 g/kg) on minute ventilation but not on apneic pauses

The fourth experiment investigated whether naloxone could rescue or prevent the
effects fentanyl+alcohol on ventilatory parameters.

Naloxone (100 ug/kg):

Analysis over time: For minute ventilation, the two-way RM-ANOVA revealed a
main effect of time (F1s,270=4.790, p<0.0001), a main effect of naloxone treatment
(F1,15=8.683, p=0.010), and a treatment x time interaction (F1s,270=1.860, p=0.019).
Naloxone restored minute ventilation upon injection at 0 min, but at 10-30 and 40 min
minute ventilation was inhibited to a greater degree when naloxone was present than in
its absence compared with saline (Figure 3B). For apneic pauses, the two-way RM-
ANOVA revealed a main effect of time (F1s,234=7.303, p<0.0001), no main effect of
treatment (naloxone) (F1,13=0.862, p=0.370) but no treatment x time interaction
(F18,234=0.997, p=0.4645; Figure 3C). There was no effect of sex, no sex x drug
interaction, and no sex x drug x time interaction for either measure.

Area under the curve: For AUC of minute ventilation, the two-way RM-ANOVA

revealed no main effect of sex (F1,15=1.272, p=0.28) nor of naloxone dose (F1,15=0.6353,
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p=0.44) and no sex x dose interaction (F1,15=0.0004, p=0.9841; Figure 3F). For AUC of
apneic pause, the two-way RM-ANOVA revealed no main effect of sex (F1,12=2.030,
p=0.18) nor of naloxone dose (F1,12=4.210, p=0.06) and no sex x dose interaction
(F1,12=0.057, p=0.81; Figure 3G).

The AUCs for the other nine parameters are shown in Table 6. Treatment with
naloxone 100 pg/kg blunted the effects of fentanyl+alcohol on frequency of breathing,
inspiratory time, peak inspiratory flow and end-expiratory pause, while it potentiated its

effects on tidal volume, peak expiratory flow and end-inspiratory pause.

Naloxone (300 and 1000 ug/kg):

Analysis over time: For minute ventilation with the higher naloxone doses, the
two-way RM-ANOVA revealed a main effect of time (F1s,216=17.8438, p<0.0001), no
main effect of treatment (naloxone) (F2,24=0.0720, p=0.9308) and a treatment x time
interaction (F36,432=7.4079, p<0.0001). Naloxone at 300 and 1000 pg/kg increased
minute ventilation upon injection at 0-5 min compared with saline (Figure 3D). There
was no effect of sex, no sex x drug interaction, and no sex x drug x time interaction.

For apneic pauses, the two-way RM-ANOVA revealed a main effect of time
(F18,216=11.118, p<0.0001), no main effect of treatment (naloxone) (F2,24=0.397,
p=0.6765), and no treatment x time interaction (F36,432=1.374, p=0.0777; Figure 3E).
There was no effect of sex or sex x dose x time interaction, but there was a significant
sex x naloxone dose interaction (F2,24=3.582, p=0.044). Females had higher apneic

pauses after 1000 ug/kg naloxone than males (p=0.022).
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Area under the curve: The two-way RM-ANOVA of the minute ventilation AUC
did not reveal a main effect of sex (F1,35=0.184, p=0.67), a main effect of naloxone dose
(F2,35=1.781, p=0.18) or a sex x dose interaction (F2,35=0.273, p=0.76; Figure 3H). The
two-way RM-ANOVA of the apneic pause AUC did not reveal a main effect of sex
(F1,12=1.135, p=0.31), a main effect of naloxone dose (F2,23=0.268, p=0.77) or a sex x
dose interaction (F2,23=0.991, p=0.39; Figure 3l).

The AUCs for the other nine parameters are shown in Table 7. Naloxone at 300
and 1000 pg/kg blunted the effects of fentanyl+alcohol on inspiratory time, peak
inspiratory flow, and end-expiratory pause. Naloxone at 300 pg/kg potentiated
fentanyl+alcohol effects on expiratory time, relaxation time and end-inspiratory pause.
Naloxone at 1000 pg/kg potentiated fentanyl+alcohol effects on peak expiratory flow,
relaxation time and end-inspiratory pause.

Altogether, these data indicate that high doses of naloxone are necessary to
partially rescue the ventilatory alterations caused by fentanyl+alcohol, but naloxone
treatment worsens expiratory related measures. Effects of 300 ug/kg naloxone on 25
pg/kg fentanyl alone and 0.59 g/kg alcohol alone are shown in Supplemental Figures

5,6,and 7.

Naloxone injected before fentanyl+alcohol did not fully prevent fentanyl+alcohol-induced
impairment of minute ventilation or apneic pauses

Analysis over time: For minute ventilation, the two-way RM ANOVA revealed no
main effect of time or of sex, no sex x group interaction, no time x sex interaction, and

no sex x group x time interaction. However, there was a main effect of naloxone on
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fentanyl+alcohol-induced minute ventilation (F1,25=6.642, p=0.0162) and there was a
treatment x time interaction (F17,425=2.813, p=0.0002). Naloxone increased minute
ventilation at 0 and 15-25 min compared with saline (Figure 4B).

For apneic pauses, the two-way RM-ANOVA revealed a main effect of time on
fentanyl+alcohol-induced pauses (F17,435=9.228, p<0.0001). There was no main effect of
naloxone on fentanyl+alcohol-induced apnea compared with saline (F1,25=1.148,
p=0.294). There was a treatment x time interaction (F17,425=2.472, p=0.001). Naloxone
decreased apnea at 5-25 min (Figure 4C). There was no effect of sex, no sex x group
interaction, no time x sex interaction, and no sex x group x time interaction.

Area under the curve: For minute ventilation, the AUC analyses revealed no main
effect of sex and no sex x treatment interaction. There was a main effect of naloxone in
attenuating the fentanyl+alcohol-induced impairment of minute ventilation (F1,25=32.48,
p<0.0001; Figure 4D). For apneic pause, the AUC analysis revealed no effect of sex
and no sex x treatment interaction (Figure 4E) but showed a main effect of naloxone
(F1,25=15.41, p=0.0006).

The AUCs for the other nine parameters are shown in Table 8. Pre-treatment
with naloxone blunted the effects of fentanyl+alcohol (decreased the AUC) on
frequency, inspiratory time, peak inspiratory flow and end-expiratory pause and
potentiated its effects on end-inspiratory pause. Altogether, these data indicate that
naloxone is partially effective in preventing the ventilatory alterations caused by

fentanyl+alcohol.
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Effect of 25 ug/kg fentanyl in fentanyl- and alcohol-dependent rats

Next, we tested the effects of fentanyl, alcohol and their combination in fentanyl-
and alcohol-dependent groups compared to a nondependent group. Alcohol- and
fentanyl-dependence had no effect on baseline ventilatory parameters (Supplemental
figure 8).

Analysis over time: For minute ventilation, the RM-ANOVA showed a main effect
of time (F18,684=13.231, p<0.0001) but no main effect of group (F2,38=3.063, p=0.0568).
There was a group x time interaction (F36,684=2.0408, p=0.0004; Figure 5B). The
fentanyl-dependent group exhibited a faster recovery of minute ventilation 10-20 min
post-infusion compared with the nondependent group (p<0.05). For apneic pauses, the
RM-ANOVA showed a main effect of time (F1s.666=15.417, p<0.0001), no main effect of
group (F2,37=1.023, p=0.369) and no group x time interaction effect (Fzs666=1.065,
p=0.369; Figure 5C).

Area under the curve: For minute ventilation, the AUC analyses for the first 15
min post-fentanyl infusion showed a main effect of sex (F1,35=11.22, p=0.002) with
females showing a greater decrease than males. There was no effect of group
(F2,35=1.409, p=0.26) and no sex x group interaction (F2,35=0.207, p=0.81; Figure 5D).
For apneic pauses, the area under analyses for the first 15 min post-fentanyl infusion
showed no effect of group or sex and no sex x group interaction.

The AUCs for the other nine parameters are shown in Table 9. Compared to the
nondependent group, chronic exposure to alcohol and fentanyl led to lower AUC (i.e.,
reduced effect) on frequency of breathing, expiratory time and relaxation time in

response to bolus fentanyl injection.
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Effect of 0.59 g/kg alcohol in fentanyl- and alcohol-dependent rats

Analysis over time: The two-way RM-ANOVA showed a main effect of time on
minute ventilation (F1s,684=13.231, p<0.0001) but no main effect of group (F2,3s=0.023,
p=0.977). There was no group x time interaction (Fss,684=1.092, p=0.329; Figure 6B).
The two-way RM-ANOVA of the effects of alcohol over time on apneic pauses showed
no main effect of time (F1s,684=0.824, p=0.673) or main effect of group (F2,38=2.253,
p=0.119). However, there was a significant group x time interaction in response to
alcohol (F3s,684=1.610, p=0.014; Figure 6C). Duncan’s post hoc test showed that the
alcohol-dependent group exhibited an increase in apneic pauses at 10 and 15 min post-
infusion (p<0.05) compared with the non-dependent group.

Area under the curve: For minute ventilation, the AUC for the first 15-min post-
alcohol infusion showed no main effect of group (F2,35=0.722, p=0.49) and no main
effect of sex (F1,35=0.299, p=0.59) and no sex x group interaction (F2,35=1.914, p=0.16;
Figure 6D). For apneic pauses, the AUC for the first 15-min post-alcohol infusion
showed a significant main effect of group (F2,35=3.486, p=0.042; Figure 6E). Sidak’s
post hoc test showed that the alcohol-dependent group exhibited a trend toward more
severe apnea than the non-dependent group (p=0.057). There was no main effect of
sex (F1,35=1.618, p=0.21) and no sex x group interaction (F235=2.42, p=0.104).

The AUCs for the other nine parameters are shown in Table 10. Compared to
the non-dependent group, chronic exposure to alcohol led to higher AUC (i.e.,

sensitization effect) on end-expiratory pause.

Effect of fentanyl+alcohol (25 ug/kg + 0.59 g/kg) in fentanyl- and alcohol-dependent rats
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Analysis over time: For minute ventilation, the RM-ANOVA showed a main effect
of time (F1s,576=6.244, p<0.0001) a main effect of group (F2,32=7.693, p=0.002), and a
significant group x time interaction (F36,544=2.361, p<0.0001). Duncan’s post hoc test
showed that the fentanyl-dependent group had higher minute ventilation at 0, 10, 15,
20, 45, and 75 min post-infusion compared with the non-dependent group. In contrast,
the alcohol-dependent group exhibited higher minute ventilation at 20, 30, 40, 45, and
55 min post-infusion (Figure 7B). For apneic pauses, the RM-ANOVA showed a main
effect of time (F18,522=19.025, p<0.0001), no main effect of group (F2,29=0.711, p=0.499)
and a significant group x time interaction (F3s522=1.557, p=0.022; Figure 7C). Duncan’s
post hoc test showed that the alcohol-dependent group exhibited an increase in apneic
pauses at 0 min post-infusion compared with the non-dependent group (p<0.05),
whereas the fentanyl-dependent group exhibited a decrease in apneic pauses at 10 min
post-infusion.

Area under the curve: For minute ventilation, the AUC for the first 15 min post-
fentanyl+alcohol infusion showed no main effect of group (F2,30=0.800, p=0.46), or sex
(F1,30=0.061, p=0.81), and no sex x group interaction (F2,30=0.963, p=0.39; Figure 7D).
For apneic pause, the AUC for the first 15 min post-fentanyl+alcohol infusion showed no
effect of group (F2,30=1.642, p=0.21; Figure 7E), no effect of sex (F1,30=3.894, p=0.058)
and no sex x group interaction (F2,30=1.642, p=0.21).

The AUCs for the other nine parameters are shown in Table 11. Compared to
the nondependent group, chronic exposure to fentanyl had a reduced effect on

expiratory time and end-expiratory pause.
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Blood gasometry and blood and brain drug concentrations following fentanyl, alcohol,
and fentanyl+alcohol

Acute treatment with fentanyl, alcohol, and fentanyl+alcohol did not change
arterial blood oxygen pressure (F3,15=0.6788, p=0.5785; Figure 8A), carbon dioxide
pressure (F3,15=0.9435, p=0.4443; Figure 8B), or oxygen saturation (F3,15=0.8418,
p=0.492; Figure 8D). Fentanyl+alcohol decreased arterial blood pH (F3,15=5.825,
p=0.0076; Figure 8C), compared with vehicle (p<0.01).

Acute treatment with alcohol and fentanyl+alcohol led to detectable serum

alcohol levels (F3,16=145.4, p<0.0001; Figure 8E). Rats that received alcohol and

fentanyl+alcohol had measurable brain alcohol levels (F3,16=6168, p<0.0001; Figure 8l).

Rats that received fentanyl and fentanyl+alcohol had measurable blood (F3,15=7.250,
p=0.0031; Figure 8F), and brain fentanyl levels (F3,16=142.1, p<0.0001; Figure 8J).
Acute treatment with fentanyl+alcohol led to similar levels of alcohol in blood

(F2,14=0.1442, p=0.867; Figure 8G) and brain (F2,13=1.202, p=0.332; Figure 8K)

compared with alcohol alone and similar fentanyl levels in blood (F2,13=3.186, p=0.0748;

Figure 8H) and brain (F2,13=0.3941, p=0.682; Figure 8L) compared with fentanyl alone.
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DISCUSSION

The present study characterized physiological parameters of respiratory
depression in rats caused by the concomitant administration of fentanyl+alcohol
compared with fentanyl and alcohol alone in dependent and nondependent rats and
examined naloxone’s effectiveness in reversing the hypoventilation caused by each
condition. Using doses within the range used by humans and reported in overdoses, the
results indicate that naloxone alone may be insufficient to completely reverse overdoses
from fentanyl+alcohol combinations.

We found that alcohol potentiated fentanyl-induced respiratory depression (Figure
1) and naloxone did not fully reverse this effect. Notably the combination of fentanyl and
a high (sedative-like) alcohol dose (1.18 g/kg) resulted in > 40% mortality, an effect that
was not observed when either drug was administered alone and respiratory depression
from this combination was not reversed by naloxone. Fentanyl plus a high alcohol dose
produced ventilatory depression in the surviving animals (30% reduction of minute volume
and 30% increase in apneic pauses) (Figure 1), and fentanyl+alcohol increased apneic
pauses to a greater extent than either drug alone (Figure 1D). However, the rats that died
showed a dramatically greater effect with a 70% reduction in minute volume, mainly
driven by a drop in tidal volume, and a 60% increase in apneic pauses (Supplemental
figure 2), suggesting a transient severe hypoventilation or apnea that could have played
a critical role in their deaths. In addition, the combined sedative effects of fentanyl+alcohol
may further decrease arousal and impair airway patency, consistent with the prolonged
loss of righting reflex (Supplemental figure 1). Furthermore, even a lower (binge-like)

alcohol dose (0.59 g/kg) amplified respiratory depression when fentanyl was present.
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Fentanyl, alcohol, and fentanyl+alcohol reduced minute ventilation and increased apneic
pauses (Figure 2).

In the present study, the alcohol-dependent group exhibited a potentiation of
apneic pauses. These results are consistent with prior studies in rodents. The
combination of alcohol and buprenorphine resulted in marked sedation and respiratory
depression that were prevented but not reversed by naloxone (14). Intragastric alcohol
administration induced a slow tonic increase in brain oxygen at baseline but strongly
potentiated intravenous heroin-induced oxygen reductions, increasing both the
magnitude and duration of the decrease in oxygen (15).

Also in the present study, the fentanyl-dependent group exhibited partial tolerance
to 25 pg/kg fentanyl and 25 ug/kg fentanyl + 0.59 g/kg alcohol, characterized by a shorter
lasting reduction of minute ventilation (20 vs. 10 min), which is consistent with our
previous findings (16). In contrast, alcohol dependence potentiated apneic pauses (25%
higher in the alcohol-dependent group). This complex interaction between chronic
treatment with alcohol and opioids has been demonstrated in mice. Previous studies in
male mice have shown that an alcohol liquid diet did not alter respiration alone or the
response to the first morphine injection but blocked tolerance to morphine (17). Alcohol
alone did not alter ventilation but reversed the tolerance to morphine in mice that were
chronically treated with oxycodone (18, 19). Additionally, in female rats, the administration
of high dose of alcohol before repetitive hypoxia exposure altered baseline ventilation,
impaired the adaptive ventilatory response to hypoxic exposure, and abolished the long-

term increase in ventilatory output that follows intermittent hypoxia exposure (20).
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Thus, consistent with the observations in preclinical literature, our data suggest
that alcohol dependence sensitizes animals to the respiratory-depressant effects of
subsequent alcohol or fentanyl+alcohol exposure. This is likely due to chronic alcohol
exposure inducing region-specific changes in GABA-A receptor subunit expression and
function, further altering inhibitory control in key brainstem and limbic centers (21). Such
adaptations may result in potentially greater respiratory depression similar to the more
severe withdrawal symptoms observed, including heightened seizure susceptibility,
where repeated cycles of alcohol intoxication and withdrawal sensitize animals to the
effects of subsequent exposures (22).

The potentiation of fentanyl’s effects by alcohol in the present study were not
explained by changes in pharmacokinetics (Figure 8). Although we found no differences
in blood or brain alcohol and fentanyl levels, there are reports in humans of bidirectional
pharmacokinetic interactions between opioids and alcohol. Alcohol inhibited heroin
metabolism (23, 24), and the absorption of alcohol was decreased by oxycodone (25),
but morphine+alcohol co-administration showed no pharmacokinetic interaction (26).

A few human laboratory studies have reported results that are consistent with our
preclinical work. In a human laboratory study, morphine administration increased end tidal
COg2, whereas the effect of alcohol co-administration was inconsistent (26). Setnik et al.
(2014) showed that morphine groups and combined morphine+alcohol groups showed a
non-dose-dependent increase in end tidal CO2 compared with alcohol alone, and alcohol
alone slightly reduced oxygen saturation without changing ventilation. However, in a study

of young and elderly participants, oxycodone alone significantly reduced ventilation,
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whereas oxycodone+alcohol produced a more profound depression of ventilation,
hypercapnic response, and oxygen saturation (27).

In humans, opioid-induced respiratory depression is explained as the product of a
reduction of respiratory drive, combined with lower levels of consciousness and
obstructive sleep apnea (11). Ventilation is controlled by peripheral and central signaling,
with multiple structures involved in this control that express MOR and independently exert
depressive effects on breathing. The generator of inspiratory rhythm is the pre-Botzinger
complex in the ventrolateral medulla. The integration of peripheral sensory feedback
occurs elsewhere in the brainstem, in the nucleus of the solitary tract (28). Alcohol-
induced respiratory depression (5, 29) is hypothesized to be mediated by disruptions of
the integration of peripheral sensory inputs, such as the hypoxic ventilatory response (13)
and hypercapnic drive (12).

Apnea or the cessation of airflow can be caused by the suppression of central
respiratory drive (i.e., central apnea) in the Kolliker-Fuse/Parabrachial complex through
the activation of MOR (30) or by the collapse of upper airways (i.e., obstructive apnea).
The latter can be caused by a loss of tone of the primary upper airway dilator, the
genioglossus (tongue) muscle (31). In male rats, alcohol can suppress genioglossus and
postural motor muscle activity on state-dependent aspects of CNS function, independent
of direct effects on the respiratory network (32). Alcohol’s effects in respiratory accessory
muscles could also contribute to apnea.

In humans, opioid+alcohol combinations also exert physiological effects that
presumably interact to worsen respiratory depression. Binge-like doses of alcohol

decrease oxygen saturation in post-hypoxia challenge, possibly indicating a lower affinity

21



of hemoglobin for oxygen (33). Additionally, both opioids and alcohol cause hypothermia
(34), and a high dose of alcohol alone or in combination with oxycodone decreased blood
pressure, but only alcohol increased heart rate (25). Therefore, other physiological
factors, such as altered thermoregulation, vasodilation, or metabolic suppression, may
have further compromised cardiovascular stability and oxygen delivery (35) and could
have also contributed to mortality. Together, these results indicate that mortality following
fentanyl+alcohol co-exposure likely arises from the synergistic disruption of multiple
homeostatic systems, rather than respiratory depression alone.

In the present study, pretreatment with naloxone mitigated some effects of the
fentanyl+alcohol combination but did not restore normal respiration. Naloxone transiently
reversed the depression of minute ventilation caused by 25 pg/kg fentanyl + 0.59 g/kg
alcohol but did not affect apneic pauses. We propose that compensatory increases in
tidal volume and inspiratory drive, likely mediated by peripheral chemoreceptor activation,
restore minute ventilation despite persistent alteration in expiratory parameters leading to
extended post-expiratory pauses.

In humans, oxycodone+alcohol co-administration also leads to more apneic
events, particularly in older individuals (27). The increase in apneic pauses caused by
fentanyl+alcohol was particularly resistant to reversal and even prevention by naloxone
(27), suggesting that naloxone is ineffective in counteracting upper airway collapse. This
is consistent with our observation that apneic pauses are resistant to reversal with
naloxone.

In a study in male rats, fentanyl induced immediate apnea followed by respiratory

depression (36). The apnea was characterized by central expiratory apnea, laryngeal
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closure, and pharyngeal constriction/collapse, accompanied by chest wall rigidity. The
apneic response was abolished by the blockade of vagus nerve C-fiber signals and

attenuated by the antagonism of vagal afferent MOR (36, 37).

Clinical implications

Based on our observations that naloxone alone does not sufficiently reverse
respiratory depression under poly-drug administration of fentanyl+alcohol, efforts should
be made to consider additional pharmacological approaches to combat the changing
landscape of opioid overdoses. The primary goal of overdose reversal is to quickly restore
breathing to prevent brain injury, prioritizing lifesaving over the risk of withdrawal. Based
on the present findings and the literature, several possibilities may address this challenge.
Highly potent synthetic opioids may require fast-acting, longer-lasting reversal agents like
intranasal higher-dose naloxone or nalmefene, which are effective in settings with a
delayed emergency response (3). For example, in a crossover clinical study,
intramuscular naloxone administration was more effective than an intranasal formulation
in reversing fentanyl-induced respiratory depression in opioid-naive individuals and
chronic opioid users. Signs of precipitated withdrawal were seen only in chronic users
(38).

The efficacy of drugs approved for the treatment of opioid and/or alcohol use
disorders, buprenorphine and naltrexone, could also be investigated in poly-drug
overdoses. Recent in vitro evidence suggests a higher efficacy of naltrexone against
synthetic opioids and in the presence of alcohol (39, 40). Buprenorphine has been shown

to prevent fentanyl-induced respiratory depression (41, 42), potentially through its partial
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agonism of, and high affinity for, MORs, and perhaps its antagonism of k-opioid receptors
(43).

Risk factors for drug overdose do not differ between sexes (44), but illicit opioid
use within the past 12 months was 5.4% higher for men, illicit manufactured fentanyl use
was 4.4% higher for men (45), and opioid overdose deaths are more prevalent in men
(46). In the present study, we did not find consistent sex differences in ventilatory
measures, but female rats exhibited an overall higher trend in nonspecific, more severe
respiratory depression than males (see Tables 5 and 9). The discrepancy between our
findings in rats and the clinical literature may be explained by more opioid misuse in men
(47).

Conclusion

The combination of fentanyl+alcohol led to reductions in minute ventilation and
severe apnea that were not fully reversed by naloxone. These findings improve our
understanding of the role of opioid+alcohol combinations in overdoses, which is relevant

to research on preventing and reversing overdoses from poly-substance use.
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MATERIAL AND METHODS

Detailed methods are presented in the Supplemental material.

Animals

Seven-week-old Long-Evans rats (Experiments 1, 2, 3, and 4) or 4-week-old
Long-Evans rats (Experiment 5) were obtained from Charles River (Kingston, NY, USA;
Table 1). Additionally, 9-week-old Long-Evans pre-catheterized rats (Experiment 6)

were obtained from Envigo (Indianapolis, IN, USA).

Sex as a biological variable

Male and female Long-Evans rats were used in all experiments (Table 1).

Drugs

Fentanyl citrate was obtained from the National Institute on Drug Abuse Drug
Supply Program (Research Triangle Institute, Research Triangle Park, NC, USA) and
dispensed by the National Institute on Drug Abuse Intramural Research Program
Pharmacy. Alcohol (190-proof ethyl alcohol; Warner-Graham Company, Cockeysville,
MD, USA), naloxone hydrochloride (Tocris Bioscience, Bio-Techne, Minneapolis, MN,

USA) and 0.9% sterile saline (Hospira, Lake Forest, IL, USA).

Intravenous catheter surgery
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Rats were implanted with an indwelling silastic catheter (Dow Corning, Midland,
MI, USA) in the right jugular vein under general anesthesia (2-3% isoflurane in O2) as

previously described (48).

Plethysmography apparatus

Ventilation was non-invasively monitored using four whole-body plethysmograph
chambers (SCIREQ, Montreal, QC, Canada) as previously described (16). The
ventilatory parameters that are listed in Table 2 were generated using 10X 2.10.0.40

software (emka TECHNOLOGIES, Sterling, VA, USA).

Fentanyl dependence
In Experiment 5, rats were made dependent on fentanyl by daily, subcutaneous

injections of escalating doses of fentanyl as previously described (16).

Alcohol vapor exposure
In Experiment 5, rats were made alcohol-dependent by chronic, intermittent

alcohol vapor exposure as previously described (49).

General procedure for plethysmography experiments

Following intravenous catheter implantation and recovery, the rats were
habituated to the plethysmography chambers in sessions where ventilation was not
monitored. During testing, the rats were acclimated to the chambers for 10 min, followed

by 30 min of baseline data collection. Each rat then received all treatments in a within-
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subjects Latin-square design, with tests 1-week apart. Ventilation was monitored for 90
min post-infusion. If a rat’s catheter lost patency during testing, it was repaired or
replaced, and the drug was re-administered in a makeup test on the fifth week of

testing. Detailed methods described in the supplemental material.

Experiment 1: 25 ug/kg fentanyl + 1.18 g/kg alcohol (“high, sedative-like, dose”)
Each rat received a 1 min i.v. infusion of sterile water (5 mL/kg), fentanyl (25
ug/kg, 5 mL/kg), alcohol (1.18 g/kg, 5 mL/kg), or a fentanyl+alcohol combination (25

ng/kg + 1.18 g/kg, 5 mL/kg).

Experiment 2: 25 ug/kg fentanyl + 0.59 g/kg alcohol (“binge-like” dose)

In this experiment, half of the alcohol dose was used to achieve human binge-like
BALs (>80 mg/dL; n=9-11/sex/drug). Each rat received a 1 min intravenous infusion of
sterile water (2.5 mL/kg), fentanyl (25 pg/kg, 2.5 mL/kg), alcohol (0.59 g/kg, 2.5 mL/kg),

or a fentanyl+alcohol combination (25 pg/kg + 0.59 g/kg, 2.5 mL/kg).

Experiment 3: 3.125 ug/kg fentanyl + 0.59 g/kg alcohol

This experiment used a dose of fentanyl that does not cause respiratory
depression (i.e., a subeffective dose). Each rat received a 1 min intravenous infusion of
sterile water (2.5 mL/kg), fentanyl (3.125 ug/kg, 2.5 mL/kg), alcohol (0.59 g/kg, 2.5
mL/kg), or a fentanyl+alcohol combination (3.125 pg/kg + 0.59 g/kg, 2.5 mL/kg). The

dose of fentanyl was based on a pilot experiment shown in Supplemental Figure 3.
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Experiment 4: Naloxone reversal of respiratory depression induced by fentanyl+alcohol

To test whether naloxone reverses respiratory depression caused by a
fentanyl+alcohol combination, we tested two cohorts of rats with different naloxone
doses. Each rat received a 1 min intravenous infusion of a fentanyl+alcohol combination
(25 pg/kg + 0.59 g/kg, 2.5 mL/kg). In cohort 1, five minutes later, the rats received a
bolus injection (1 mL/kg, intravenous) of naloxone (0 and 100 ug/kg). In cohort 2, the
rats received a bolus injection of naloxone (0, 300, and 1000 pg/kg).

Lastly, we tested whether 300 ug/kg naloxone prevents effects of a
fentanyl+alcohol combination. Each rat received a bolus injection of naloxone (0 or 300
ug/kg, 1 mL/kg, intravenous), followed by a 1 min intravenous. infusion of a

fentanyl+alcohol combination (25 pg/kg + 0.59 g/kg, 2.5 mL/kg) 5 min later.

Experiment 5: Fentanyl+alcohol in fentanyl- and alcohol-dependent rats

Rats were made dependent on alcohol as described above. Fentanyl-dependent
rats were tested 4-6 h into withdrawal. Nondependent rats were concomitantly tested.
Each rat received a 1 min intravenous infusion of fentanyl (25 pg/kg, 2.5 mL/kg), alcohol
(0.59 g/kg, 2.5 mL/kg), or a fentanyl+alcohol combination (25 pg/kg + 0.59 g/kg, 2.5

mL/kg) in this order at 1-week intervals between tests.

Experiment 6: Blood gasometry and blood and brain drug concentration measurements
Twenty rats (10 females) with jugular vein and femoral artery catheters were
used. The rats received a 1min intravenous infusion of fentanyl (25 ug/kg, 2.5 mL/kg),

alcohol (0.59 g/kg, 2.5 mL/kg), or a fentanyl+alcohol combination (25 pg/kg + 0.59 g/kg,
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2.5 mL/kg). Five minutes following the infusion, arterial blood was collected for the
measurement of blood gases. The rats were euthanized 10 min post-infusion and trunk
blood and brains were collected.

To measure blood gas levels (Table 3), 100 ul of arterial blood was injected into
CG8+ cartridges (Abbott Laboratories, Chicago, IL, USA) and analyzed using an i-STAT
1 analyzer (Abbott Laboratories). Fentanyl and alcohol levels were measured in blood

and brain (see methods in supplemental material).

Statistical analysis

A custom-made application (rvent_app) was used to import, bin, compile, plot,
and export Microsoft Excel datasheets from the .txt files that were generated and
calculated using iox 2.10.0.40 software (emka TECHNOLOGIES, Paris, France). Prism
8 software (GraphPad, San Diego, CA, USA) was used for figure preparation. Statistica
13 software (TIBCO, Palo Alto, CA, USA) was used for statistical analyses. All data
were aggregated into 1 min bins for analysis of the first 15 min post-infusion or in 5 min
bins for the whole 90 min session analyses. The data are expressed as the mean %
SEM percentage of baseline values.

For statistical purposes, the analyses of treatment over time included the post-
injection data but not the baseline data, we used three-way repeated-measures analysis
of variance (RM-ANOVA), with drug (treatment) and time as within-subjects factors and
sex as a between-subjects factor. To determine the effect of treatments on the area
under the curve, we used two-way RM-ANOVA, with sex as a between-subjects factor

and drug (treatment) as a within-subjects factor. Dunnett, Duncan, and Sidak post hoc
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tests were used when appropriate. Values of p<0.05 were considered statistically

significant.

Study approval

All procedures were performed according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by the National
Institute on Drug Abuse, Intramural Research Program, Animal Care and Use

Committee (protocol number 23-INRB-13).

Data availability

All data presented in this manuscript are available in the “supporting data values”

file.
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FIGURE LEGENDS

Figure 1. Effects of 25 pg/kg fentanyl and 1.18 g/kg alcohol alone and combined
on minute ventilation and apneic pauses. Rats received i.v. infusions of sterile water
(5 mL/kg), fentanyl (25 pg/kg, 5 mL/kg), alcohol (1.18 g/kg, 30% v/v, 5 mL/kg), or a
fentanyl+alcohol combination (25 ug/kg and 1.18 g/kg, respectively, 5 mL/kg) in a
within-subjects Latin-square design with each test separated by 1-week. (A) Timeline of
each test. (B) Mortality for each drug. Data from the 12 rats that completed the
experiment are shown in C, D, E, and F. (C) Alcohol and fentanyl, alone and combined,
decreased minute ventilation in a time-dependent manner. (D) Alcohol and fentanyl
alone and combined increased apneic pauses in a time-dependent manner. The data
are expressed as the mean + SEM and were analyzed by two-way RM-ANOVA followed
by Duncan’s post hoc test. Filled symbols are different from water. ‘\Combination
different from fentanyl; °combination different from alcohol (p<0.05). (E) Area under the
curve of the first 15 min post-infusion for minute ventilation. (F) Area under the curve of
the first 15 min post-infusion for apneic pauses. The data are expressed as the mean +
SEM and were analyzed by two-way RM-ANOVA followed by Sidak’s post hoc test
when appropriate. Main effect of treatment: Vp<0.05, compared with water; ¢p<0.05,
compared with alcohol. n=7 females, n=5 males. (G) Representative raw

plethysmography traces.

Figure 2. Effects of 25 pg/kg fentanyl and 0.59 g/kg alcohol alone and combined
on minute ventilation and apneic pauses. Rats received i.v. infusions of sterile water

(2.5 mL/kg), fentanyl (25 ug/kg, 2.5 mL/kg), alcohol (0.59 g/kg, 30% v/v, 2.5 mL/kg), or a
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fentanyl+alcohol combination (25 pg/kg and 0.59 g/kg, respectively, 2.5 mL/kg) in a
within-subjects Latin-square design with each test separated by 1-week. (A) Alcohol,
fentanyl, and fentanyl+alcohol decreased minute ventilation in a time-dependent
manner. (B) Alcohol, fentanyl, and fentanyl+alcohol increased apneic pauses in a time-
dependent manner. The data are expressed as the mean £+ SEM and were analyzed by
two-way RM-ANOVA followed by Duncan’s post hoc test when appropriate. Filled
symbols are different from water. ‘Combination different from fentanyl; ecombination
different from alcohol (p<0.05). (C) Area under the curve of the first 15 min post-infusion
for minute ventilation. *p<0.05, drugxsex interactions. (D) Area under the curve of the
first 15 min post-infusion for apneic pauses. The data are expressed as the mean *
SEM and were analyzed by two-way RM-ANOVA followed by Sidak’s post hoc test
when appropriate. Main treatment effect: Yp<0.05, compared with water; 7p<0.05,
compared with fentanyl; ©p<0.05, compared with alcohol. n=7-8 females, 10-11 males.

(E) Representative raw plethysmography traces.

Figure 3. Effect of naloxone on fentanyl+alcohol (25 pg/kg + 0.59 g/kg induced
respiratory depression. Rats received an i.v. infusion of a fentanyl+alcohol
combination (25 pg/kg and 0.59 g/kg, 2.5 mL/kg), followed by an injection of naloxone
(0, 100, 300, and 1000 pg/kg) 5 min later. (A)Timeline of each test. (B) Naloxone (100
Ma/kg) transiently reversed the fentanyl+alcohol-induced decrease in minute ventilation.
(C) Naloxone (100 ug/kg) did not change the fentanyl+alcohol-induced increase in
apneic pauses. (F) Area under the curve of the first 15 min post-naloxone infusion for

minute ventilation. (G) Area under the curve of the first 15 min post-naloxone infusion
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for apneic pauses. The data are expressed as the mean + SEM and were analyzed by
two-way RM-ANOVA followed by Sidak’s post hoc test when appropriate. (D) Naloxone
(300 and 1000 ug/kg) reversed fentanyl+alcohol-induced decreases in minute
ventilation. (E) Naloxone (300 and 1000 ug/kg) did not change the fentanyl+alcohol-
induced increase in apneic pauses. The data are expressed as the mean £+ SEM and
were analyzed by two-way RM-ANOVA followed by Duncan’s post hoc test when
appropriate. (H) Area under the curve of the first 15 min post-naloxone infusion for
minute ventilation. (I) Area under the curve of the first 15 min post-naloxone infusion for
apneic pauses. The data are expressed as the mean + SEM and were analyzed by two-
way RM-ANOVA followed by Sidak’s post hoc test when appropriate. n=7-10 females, 7

males. (J) Representative raw plethysmography traces.

Figure 4. Effect of pretreatment with naloxone on effects of fentanyl+alcohol (25
Hg/kg + 0.59 g/kg) on minute ventilation and apneic pauses. Rats received an
injection of naloxone (0 and 300 ug/kg) followed by an i.v. infusion of fentanyl+alcohol
(25 pg/kg+0.59 g/kg, 2.5 mL/kg). (A) Timeline of each test. (B) Pretreatment with 300
Mg/kg naloxone attenuated the fentanyl+alcohol-induced decrease in minute ventilation
in a time-dependent manner. (C) Pretreatment with 300 pug/kg naloxone attenuated the
fentanyl+alcohol-induced increase in apneic pauses in a time-dependent manner. The
data are expressed as the mean + SEM and were analyzed by two-way RM-ANOVA
followed by Duncan’s post hoc test when appropriate. Filled symbols are different from
vehicle (p<0.05). (D) Area under the curve of the first 15 min post-fentanyl+alcohol

infusion for minute ventilation. (E) Area under the curve of the first 15 min post-
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fentanyl+alcohol infusion for apneic pauses. The data are expressed as the mean +
SEM and were analyzed by two-way RM-ANOVA. Main treatment effect: *p<0.05,
naloxone vs. saline. n=16 females, 12 males. (F) Representative raw plethysmography

traces.

Figure 5. Effect of 25 pg/kg fentanyl in fentanyl- and alcohol-dependent and non-
dependent rats. Rats received an i.v. infusion of fentanyl (25 pg/kg, 2.5 mL/kg). (A)
Timeline of each test. (B) Fentanyl decreased minute ventilation in a time-dependent
manner. (C) Fentanyl increased apneic pauses in a time-dependent manner. The data
are expressed as the mean + SD and were analyzed by two-way RM-ANOVA followed
by Duncan’s post hoc test when appropriate. Filled symbols are different from
nondependent (p<0.05). *p<0.05, fentanyl-dependent vs. alcohol-dependent. (D) Area
under the curve of the first 15 min post-infusion for minute ventilation. (E) Area under
the curve of the first 15 min post-infusion for apneic pauses. The data are expressed as
the mean + SD and were analyzed by two-way RM-ANOVA followed by Sidak’s post

hoc test when appropriate. n=5-7 females, 5-7 males.

Figure 6. Effect of 0.59 g/kg alcohol in fentanyl- and alcohol-dependent and non-
dependent rats. Rats received an i.v. infusion of alcohol (0.59 g/kg, 2.5 mL/kg). (A)
Timeline of each test. (B) Alcohol did not affect minute ventilation. (C) Alcohol increased
apneic pauses in a time-dependent manner. The data are expressed as the mean + SD
and were analyzed by two-way RM-ANOVA followed by Duncan’s post hoc test when

appropriate. Filled symbols are different from non-dependent (p<0.05). *p<0.05,
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fentanyl-dependent vs. alcohol-dependent. (D) Area under the curve of the first 15 min
post-infusion for minute ventilation. (E) Area under the curve of the first 15 min post-
infusion for apneic pauses. The data are expressed as the mean + SD and were
analyzed by two-way RM-ANOVA followed by Sidak’s post hoc test when appropriate.

n=5-7 females, 5-8 males.

Figure 7. Effect of fentanyl+alcohol (25 pg/kg + 0.59 g/kg) in fentanyl-dependent,
alcohol-dependent, and non-dependent rats. Rats received an i.v. infusion of a
fentanyl+alcohol combination (25 pg/kg and 0.59 g/kg, respectively, 2.5 mL/kg). (A)
Timeline of each test. (B) Fentanyl+alcohol decreased minute ventilation in a time-
dependent manner. (C) Fentanyl+alcohol increased apneic pauses in a time-dependent
manner. The data are expressed as the mean + SD and were analyzed by two-way RM-
ANOVA followed by Duncan’s post hoc test when appropriate. Filled symbols are
different from nondependent (p<0.05). *p<0.05, fentanyl-dependent vs. alcohol-
dependent (D) Area under the curve of the first 15 min post-infusion for minute
ventilation. (E) Area under the curve of the first 15 min post-infusion for apneic pauses.
The data are expressed as the mean + SD and were analyzed by two-way RM-ANOVA

followed by Sidak’s post hoc test. n=5-7 females, 5-7 males.

Figure 8. Effects of 25 ug/kg fentanyl and 0.59 g/kg alcohol on arterial pO2 and
serum and brain fentanyl and alcohol levels. Rats received i.v. infusions of sterile
water (2.5 mL/kg), fentanyl (25 pg/kg, 2.5 mL/kg), alcohol (30% v/v, 0.59 g/kg, 2.5

mL/kg), and fentanyl+alcohol (25 pg/kg+0.59 g/kg, 2.5 mL/kg). Arterial blood was
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collected 5 min after the infusion, and trunk blood and brains were collected 10 min
post-infusion. (A-L) Effect of water, fentanyl, alcohol, and fentanyl+alcohol on (A) partial
pressure of oxygen (pOz2), (B) partial pressure of carbon dioxide (pCOz2), (C) hydrogen
ion concentration (pH), (D) oxygen saturation (sO2), (E) alcohol concentration in blood,
(F) fentanyl concentration in blood, (G) alcohol concentration in blood in nondependent
and dependent rats, (H) fentanyl concentration in blood nondependent and dependent
rats, (I) alcohol concentration in brain (J) fentanyl concentration in brain (K) alcohol
concentration in brain in nondependent and dependent rats, and (L) fentanyl
concentration in brain in nondependent and dependent rats. The data are expressed as
the mean + SEM and were analyzed by one-way ANOVA followed by Sidak’s post hoc

test. *p<0.01, ****p<0.0001. n=10 males, 9 females.
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Table 1. Experimental design.

Number of rats

Design

Treatments

Volume of infusion

Experiment 1

Experiment 2

Experiment 3

Experiment 4

Experiment 5

Experiment 6

Start:

24 (12 female)
Completed: 12 (7 female)
Start: 24 (12 female)
Completed: 20 (9 female)

Start: 24 (12 female)
Completed: 21 (11 female)

Naloxone 0.1: 15 (10 female)
from Experiment 3 + 6 (3 female)

from experiment 5

Naloxone 0.3 and 1: 14 (7 female)

Naloxone prevention: 28 (16
female)

Start: 48 (24 female)
Completed: 31 (18 female)

20 (10 female) +
rats from experiment 5

Within-subjects

Within-subjects

Within-subjects

Within-subjects

Between-subjects (groups),
within-subjects (treatment)

Between-subjects

Vehicle, fentanyl 25 pg/kg,
alcohol 1.18 g/kg, fentanyl
+ alcohol

Vehicle, fentanyl 25 pg/kg,
alcohol 0.59 g/kg, fentanyl
+ alcohol

Vehicle, fentanyl 3 pg/kg,
alcohol 0.59 g/kg, fentanyl
+ alcohol

Fentanyl 25 pg/kg +
alcohol 0.59 g/kg; naloxone
0, 0.1, 0.3 and 1 mg/kg

Fentanyl 25 ug/kg, alcohol
1.18 g/kg, fentanyl +
alcohol

Vehicle, fentanyl 25 pg/kg,
alcohol 0.59 g/kg, fentanyl
+ alcohol

5 mL/kg, 1 min

2.5 ml/kg, 1 min

2.5 mL/kg, 1 min

2.5 mL/kg, 1 min; bolus
1 mbL/kg

2.5 mlL/kg, 1 min

2.5 ml/kg, 1 min
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Table 2. Ventilatory parameters.

Abbreviation

Parameter (Unit)

Description

MV

F

TV

Ti

Te

PIF

PEF

RT

AP

EIP

EEP

Minute Ventilation (mL/min)
Breathing Frequency (bpm)
Tidal Volume (mL)
Inspiratory Time (msec)
Expiratory Time (msec)
Peak Inspiratory Flow (mL/sec)
Peak Expiratory Flow (mL/sec)
Relaxation Time (msec)
Apneic Pause
End Inspiratory Pause (msec)

End Expiratory Pause (msec)

Volume breathed in one minute, computed on a breath-by-breath basis (TV*f)
Breath-by-breath rate of breathing, computed from inspiration and expiration times (Ti+Te)
Volume of air breathed during inspiration
Time from start to end of inspiration
Time from start of expiration to beginning of next inspiration
Maximum negative flow during inspiration
Largest measured flow during expiration
Time to expire 70% of tidal volume
A unitless measure of bronchoconstriction, computed at (Te/RT—1)

Pause between the end of inspiration and the start of expiration

Pause between the end of expiration and the start of inspiration
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Table 3. Blood gasometry variables.

Abbreviation Unit Description
pH Hydrogen ion concentration
pO2 mmHg Partial pressure of oxygen
pCO2 mmHg Partial pressure of carbon dioxide
TCO2 mmol/L Total carbon dioxide concentration
HCO3 mmol/L Bicarbonate concentration
sO2 % Percentage of oxygen saturation
BE mmol/L Amount of base excess
Lactate mmol/L Lactate concentration
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Table 4. Effects of 25 ug/kg fentanyl and 1.18 g/kg alcohol on ventilation parameters

Area Under the Curve (15 min, calculated from 1 min bin data)
Vehicle Fentanyl Alcohol
(5 mL/kg) (25 ug/kg) (1.18 glkg) Fentanyl + Alcohol ANOVA
F M F M F M F M Sex * Drug Sex Drug
F 23.20 64.72 315.70 440.00 275.00 221.50 264.90 307.70  [F340=1.224,|F 1,40=1.394,| F3,40=18.42,
(41.60) (30.59) (57.75)Y | (38.00)Y | (29.00)Y | (21.62)V | (57.67)Y | (54.25)" p=0.31 p=0.24 p<0.0001
v 8.00 64.30 0.5875 18.00 365.20 397.10 286.00 242.00 [F340=1.018,|F1,40=0.529,| F3,40=72.18,
(9.00) (32.71) (5.53) (26.00) (26.53)" | (36.27)Y |(46.00)V"E|(35.34)"FE| p=0.39 p=0.47 | p<0.0001
Ti 36.27 19.65 1146.00 | 1448.00 363.50 223.00 801.8 710.5  [F340=1.245,|F 1,40=0.023,| F340=39.04,
(33.68) (19.24) (191.0)Y | (146.1)Y (65.97) (65.00) |(155.2)VFE|(144.5)VFE| p=0.31 p=0.88 | p<0.0001
Te 27.47 68.00 84.00 172.00 325.50 250.20 145.20 226.70 [F340=0.954,|F 1,40=0.757,| F3,40=6.811,
(51.75) (41.13) (44.00) (48.00) (52.75)Y | (36.23)V (60.63) (80.06) p=0.42 p=0.39 p=0.0008
PIF 18.12 39.90 387.00 587.10 538.40 504.00 634.10 580.10 |F340=2.223,[F14=0.740,| F340=44.80,
(24.54) (25.22) (82.00)Y | (63.33)Y | (39.58)V | (37.00)V | (61.17)V | (50.73)V p=0.10 p=0.39 | p<0.0001
PEF 18.52 132.00 94.00 237.00 503.70 596.70 [352.20 (53. 338.00 |F340=1.244,[F1,40=7.453,| F340=46.75,
(19.76) (49.94) (45.00) (56.00) (35.66)Y | (18.82)Y 48)VEF | (47.58)VEF| p=0.31 p=0.009 [ p<0.0001
RT 19.59 63.22 12.00 7717 248.00 99.00 28.31 3718  |F340=2.718,F1,40=0.071,| F3,40=5.218,
(43.47) (38.80) (25.00) (34.90) (51.53)V | (36.00)V | (33.35)F | (54.30) | p=0.057 p=0.79 p=0.0039
EIP 133.8 176.5 131.80 88.24 673.0 720.7 458.6 568.1  |F34=0.810,[F140=1.250,| F340=65.75,
(42.83) (42.57) (63.38) (59.00) (35.16)" | (28.02)V |(53.43)VEF|(39.58)VEF| p=0.496 p=0.27 | p<0.0001
EEP 34.41 54.52 528.00 540.90 423.90 398.00 467.80 700.10  [F340=0.888,|F 1,40=0.934,|F340=15.49,
(52.98) (45.74) | (125.00)V | (65.04)Y | (62.53)V | (68.00)V | (86.41)V | (126.40)V | p=0.456 p=0.34 | p<0.0001

The data are expressed as the mean (SEM) and were analyzed by two-way RM-

ANOVA. VDifferent from vehicle; Fdifferent from fentanyl; Edifferent from alcohol.
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Table 5. Effects of 25 ug/kg fentanyl and 0.59 g/kg alcohol on ventilation

Area Under the Curve (15 min, calculated from 1 min bin data)

Vehicle Fentanyl Alcohol
(2.5 mL/kg) (25 ug/kg) (0.59 glkg) Fentanyl + Alcohol ANOVA
F M F M F M F M Sex * Drug Sex Drug
36.64 65.70 430.00 383.40 192.0 168.0 187.5 3129 |, =1.344F _=0.404F, =20.17,
F v v v v V,F v,F | 372 1.72 3,72
(24.78) | (35.69) | (55.00) | (44.98) | (48.30) | (37.00) |(62.34) | (54.67) | p=0.269 | p=0.53 | p<0.0001
v 35.08 10.26 139.2 17.41 76.00 181.0 | 3148 | 1224 |F,;,=5.090,F,/=4,198,F,, =8.484,
(29.67) | (10.76) (53.90) (26.15) (45.00) | (26.00) | (65.76) | (49.57)* | p=0.0030 | p=0.04 | p<0.0001
Ti 58.63 24.65 2020 1331 338.9 136.7 550.7 1011 F, ~7-918,F =1.902F, =75.31,
\% V, * F V,E, % 4 v 4
(32.18) (20.72) (200.3) (140.7) (75.50) (42.76) (115.5) [(148.6) p=0.0002 p=0.17 p<0.0001
50.26 97.50 275.0 108.9 322.1 266.9 64.74 146.5 |F, =1.772,F . =0.565F, =4.216,
Te v v E E 3,68 1,68 3,68
(32.66) | (46.85) | (69.19) | (35.51) | (92.26) | (62.32) | (57.29) | (76.53) | p=0.161 p=0.45 | p=0.009
2249 27.38 779.3 477.0 264.0 271.8 694.7 610.6 |F._=4.486, F oo F, =77.23,
PIF v vV, * v v V,E v,E | 368 7.386, 3,68
(25.83) | (20.77) | (47.55) | (60.94) (47.67) (36.97) | (56.89) (61.06) p=0.006 £=0.008 p<0.0001
38.50 85.13 391.3 98.28 294.6 337.9 348.4 2178 |F. =6.755| Fieo™ |F. =13.22,
PEF v " v v v 3,60 7.129 3,60
(32.37) (44.37) | (50.43) (24.90) (48.62) (41.37) (55.81) (49.27) | p=0.0005 p=0 01 | p<0.0001
31.40 99.99 122.6 42.05 2454 171.0 00.00 1.910 |F, =1.032,|F. .=0.369,|F, =6.225,
RT v v E E 3,68 1,68 3,68
(36.36) | (49.65) | (58.83) | (22.04) | (86.73) | (65.98) | (00.00) | (16.12) p=0.38 | p=0.55 | p=0.0008
8.501 24.03 480.2 675.9 414.0 455.5 310.2 1212  |F, =1.265,F, .=0.051,|F, =12.32,
EIP v v v v F F 3,56 1,56 3,56
(27.61) | (24.20) | (134.3) | (165.4) | (40.69) | (46.09) | (71.58) | (86.67) | p=0.295 | p=0.82 | p<0.0001
49.40 83.88 1406 700.5 463.3 211.2 1085 857.5 |F, =3.668,F ,=12.86,/F  =36.08,
EEP v vV, % Vv, E v.E | 34 1,44 3,44
(27.13) (42.29) (84.79) (104.3) (101.5) (50.20) (170.7) (143.1) p=0.019 | p=0.0008 | p<0.0001

The data are expressed as the mean (SEM) and were analyzed by two-way RM-
ANOVA. VDifferent from vehicle; Fdifferent from fentanyl; Edifferent from alcohol;

*different from females.
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Table 6. Effects of 100 ug/kg naloxone on fentanyl+alcohol-induced hypoventilation.

Area Under the Curve (15 min, calculated from 1 min bin data)
VEHICLE NLX 100 ANOVA
F M F M Sex * Drug Drug

F 341.8 240.4 67.72 11.14 F,y30=0-1341, F,,30=16-92,
(68.91) (81.76) (42.78) (35.27)* p=0.7168 p=0.0003

v 00.00 2.511 50.78 149.9 F1,2s=3'294’ F,,26=13-86,
(00.00) (6.251) (24.15)* (49.57)* p=0.0811 p=0.0010

Ti 1108 1059 18.99 19.83 F1,22=0'0343’ F,,22=62-59,
(175.4) (198.3) (35.14)* | (40.04) p=0.8547 p<0.0001

Te 202.5 137.40 149.9 40.76 F,Y26=0-0779, F1,26=0'8948’
(85.52) (98.12) (73.06) (47.60) p=0.7823 p=0.3529

PIF 280.2 296.9 137.4 109.9 F1y30=0-1365, F,,30=7-601,
(69.15) (71.52) (33.16)" (57.66)" p=0.7143 p=0.0098

PEF 46.64 4.36 117.4 160.70 F1,28=1 .074, F,,28=7-560,
(22.23) (6.454) (42.51)* (70.48)* p=0.3090 p=0.0103

RT 22.22 5.36 53.52 27.75 F1y30=0-0093, F1y30=0.3395,
(36.73) (33.55) (57.06) (38.66) p=0.9236 p=0.5645

EIP 227.2 252.0 647.3 462.3 F,y30=0-9066, F,’30=8-1 85,
(106.2) (183.3) (63.86)* | (69.95) p=0.3486 p=0.0076

EEP 1061 495.3 2571 94.08 F1,2o=3'233’ F,,20=28-95,
(131.3) (137.7) (86.14)* (64.26)* p=0.0873 p<0.0001

The data are expressed as the mean (SEM) and were analyzed by two-way RM-

ANOVA. *p<0.05, compared with vehicle.
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Table 7. Effects of 300 and 1000 ug/kg naloxone on fentanyl+alcohol-induced

hypoventilation.

Area Under the Curve (15 min, calculated from 1 min bin data)
VEHICLE NLX 300 NLX 1000 ANOVA
F M F M F M Sex * Drug Sex Drug

E 386.20 | 202.00 | 349.40 | 138.70 213.0 187.0 | F,,=8.329, | F, =140, | F, =125,
(54.62) | (58.99) | (63.76) | (44.20) [ (58.00) | (72.00) p=0.007 p=0.2592 p=0.2995

v 89.39 216.70 173.2 125.3 387.0 199.0 F,=0.229, | F, =146, | F, =157,
(71.33) | (51.18) | (96.69) | (59.85) | (152.0) | (46.00) p=0.64 p=0.2475 p=0.2238

Ti 1191.0 792.0 209.2 198.3 279.0 199.0 | F,,=4.488, | F, =240, | F, =44.43,
(146.8) | (144.0) | (50.32)* | (29.69)* | (71.00)* | (31.00)* p=0.04 p=0.1060 p<0.0001

Te 103.8 102.9 327.0 172.4 208.0 2000 | F,,=1332, | F, =113, | F, =335,
(61.92) | (45.09) | (53.91)* | (60.03)* | (53.00) | (69.00) p=0.26 p=0.3366 p=0.0472

PIE 590.9 643.7 190.6 298.1 685.0 222.0 F1v33=2.464, F2'33=7.99, F2'33=11.28,
(61.69) | (64.53)% | (76.76)* | (73.50*# | (110.0) |(63.00)*%#| p=0.13 p=0.0015 | p=0.0002

PEF 130.3 250.5 334.4 330.7 605.0 4290 | F,,=0053, | F, =0.986, | F, =4.78,
61.71) | (57.78) | (99.19) | (80.29) | (174.0)* | (92.00)* p=0.82 p=0.3837 p=0.0150

RT 85.98 220.2 464.0 183.8 371.0 2400 | F, =478, | F, =720, | F, =575,
(50.01) | (45.52) | (46.81)* | (62.73)* | (47.00)* | (78.00) p=0.049 p=0.0025 p=0.0072

EIP 102.1 158.1 493.9 457.6 389.0 611.0 | F,,=1808, | F, =159, | F, =15.90,
(94.66) | (75.70) | (56.29)* | (77.52)* | (75.00)* | (41.00)* p=0.19 p=0.2190 p<0.0001

EEP 1157.0 387.4 256.9 255.5 239.0 135.0 | F,,=2.845 | F, =194, | F, =4.56,
(382.0) | (214.2) | (98.43)* | (137.8)* | (153.0)* | (57.00)* p=0.10 p=0.1598 p=0.0178

The data are expressed as the mean (SEM) and were analyzed by two-way RM-

ANOVA. *p<0.05, compared with vehicle; #p<0.05, compared with females.
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Table 8. Effect of naloxone administration before fentanyl+alcohol administration on

ventilation parameters.

Area Under the Curve (15 min, calculated from 1 min bin data)
VEHICLE NLX 300 ANOVA
F M F M Sex Sex * Group Drug
F 270.50 160.10 123.20 95.37 |F, ;=1.751, F, 5,=0-625, F, 4119,
(66.21) | (56.38) | (33.37)" | (31.57) p=0.19 p=0.43 p=0.048
v 161.70 91.15 53.59 97.84 |F, ,=0.023, |F _=0.445 F _=0.347,
(124.90) | (86.66) | (29.88) | (20.34) p=0.88 p=0.51 p=0.56
Ti 828.30 426.70 154.60 147.40 |F, ,,=2.835, F, 5,=2.639, F, oo 15.41,
(182.10) | (101.00) | (38.81)* | (38.53)* p=0.098 p=0.11 p=0.0003
Te 469.20 155.30 137.90 91.38 |F, ;=2.705, F, 5=1:489, F, 53253,
(162.80) | (72.91) | (53.81) | (40.99) p=0.11 p=0.23 p=0.08
PIF 347.20 309.80 188.20 202.60 |F, ,=0.047, F, 5,-0-236, F., 56240,
(62.71) (71.30) | (31.67)* | (31.16)* p=0.83 p=0.63 p=0.016
PEF 199.70 208.20 200.50 175.20 |F, ,,=0.020, F, 5,=0.082, F, 5,=0.075,
(65.60) (65.32) (46.59) (46.87) p=0.89 p=0.78 p=0.79
RT 112.40 90.32 79.97 51.20 |F, 5,-0-126, F, 50002, F, 5-0-250,
(98.85) | (41.66) | (50.31) | (41.79) p=0.72 p=0.96 p=0.62
EIP 145.90 185.90 278.40 37730 |F, ,=1.821, F, 5,=0-327, F, 5o-3-901,
(63.39) (55.64) | (35.25)* | (33.52)* p=0.18 p=0.57 p=0.003
EEP 1164.0 731.90 293.60 258.30 |F, ,=1.565, F, 51128, F., 12,94,
(276.0) | (154.70) | (73.27)* | (70.81) p=0.22 p=0.29 p=0.0007

The data are expressed as the mean (SEM) and were analyzed by two-way RM-

ANOVA. *p<0.05, compared with vehicle.
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Table 9. Effect of 25 ug/kg fentanyl on ventilation parameters in nondependent,

fentanyl-dependent, and alcohol-dependent rats.

Area Under the Curve (15 min, calculated from 1 min bin data)
NON-DEP FTN-DEP EtOH-DEP ANOVA

F M F M F M Sex Group Sex * Group

F 555.04 536.21 410.02 384.29 426.64 358.18 F1, 5,-0.9150, in 4,-6.284, Fz, 5,=0.159,
(91.45) (98.07) | (127.12)* | (78.57)* | (137.32)* | (172.89)* p=0.35 p =0.0050 p=0.85

v 251.92 106.07 212.68 96.95 252.43 173.86 F,, 2-9:328, Fz, 508111, Fz, 5-0.282,
(74.46) (68.81) (97.93) (80.66) | (189.39) | (138.64) p =0.0044 p=0.45 p=0.76

Ti 1894.83 | 1514.38 | 1836.00 | 1231.58 | 1565.24 | 1246.67 F,, 35=0-886, Fz, 51012, Fz, 4-0.219,
(426.84) | (664.89) | (406.63) | (322.17) | (739.97) | (498.67) p=0.0209 p=0.37 p=0.80

Te 428.25 321.81 125.91 156.48 180.98 145.05 F1, 50071, FZ’ 5= 8.330, Fz, 5,=0.080,
(158.79) | (247.79) | (114.77)* | (115.12)* | (109.89)* | (162.05)* p=0.79 p=0.0011 p=0.92

PIF 842.25 698.40 754.68 552.99 764.84 627.83 F,, 2,-9.601, Fz, 451935, Fz, 45-0.138,
(53.88) | (110.53) | (173.43) | (132.51) | (208.45) | (266.31) p=0.0061 p=0.23 p=0.87

PEF 414.25 240.98 317.82 171.86 379.94 250.53 F,’ 2—12.230, Fz, 51424, Fz, 5,-0.092,
(59.82) | (164.98) | (131.33) | (114.50) | (149.10) | (142.60) p=0.001 p=0.25 p =0.91

RT 264.68 196.66 41.68 85.30 59.23 77.49 F1, 50.003, FZ, 24-9:961, Fz, 3,-0.9349,
(135.82) | (155.73) | (46.93)* | (95.00)* | (26.84)* | (121.01)* p=0.95 p=0.0004 p=0.40

EIPA 422.44 562.90 607.52 483.78 278.06 502.04 F1, ,5=0-301, Fz, ,5=0.360, Fz, ,5=0.524,
(204.30) | (569.25) | (374.70) | (434.14) | (249.94) | (377.79) p=0.59 p=0.70 p=0.60

EEP 1028.27 835.65 739.70 626.81 786.23 600.82 F1, 52302, Fz, 3-2.332, Fz, 3,-0.055,
(255.84) | (414.91) | (282.59) | (316.99) | (357.29) | (323.06) p=0.14 p=0.11 p=0.95

The data are expressed as the mean (SD) and were analyzed by two-way RM-ANOVA.

*Different from nondependent. *Calculated as positive peak area.
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Table 10. Effect of 0.59 g/kg alcohol on ventilation parameters in nondependent,

fentanyl-dependent, and alcohol-dependent rats.

Area Under the Curve (15 min, calculated from 1 min bin data)
NON-DEP FTN-DEP EtOH-DEP ANOVA

F M F M F M Sex Group Sex * Group

F 184.08 143.66 132.24 127.58 206.37 179.36 F1, 5.=0.388, Fz, 5.-0.842, Fz, 5-0.073,
(119.73) | (124.58) (95.01) (122.84) | (147.78) | (102.23) p=0.54 p=0.44 p=0.93

v 182.94 115.31 128.76 173.57 102.48 211.52 F1, 45-0.736, sz 4:-0.020, F2v 552902,
(149.59) (85.22) (127.13) (93.74) (86.42) (84.67) p=0.40 p=0.98 p=0.10

Ti 112.82 156.29 189.46 142.51 250.20 180.41 F1, 4-0-352, sz 41357, F2v 45-0-739,
(117.64) (84.23) (135.08) (80.93) (202.14) | (106.76) p=0.56 p=0.27 p=0.49

Te 300.82 187.70 137.81 184.88 274.01 255.89 F1, 5=0.184, Fz, 5-0.892, Fz, 5-0.921,
(256.80) | (197.75) | (142.97) | (195.89) | (230.67) | (175.07) p=0.67 p=0.42 0=0.60

PIF 231.38 181.52 201.58 239.08 254.57 322.55 F1, 45-0.165, sz 51242, F2v 45-0.633,
(166.19) | (122.50) | (186.62) | (140.79) | (170.27) (33.58) p=0.69 p=0.30 p=0.54

PEF 290.75 192.29 186.25 293.62 312.07 367.83 F1, 5.=0.163, Fz, 5=1.913, Fz, 5=1.399,
(173.73) | (153.93) | (129.77) | (205.99) | (176.44) | (140.34) p=0.69 p=0.23 p=0.26

RT 307.31 190.47 140.63 187.40 187.93 204.10 F1, 4-0.078, sz 45-0.607, F2v 45-0.636,
(298.45) | (194.97) | (111.81) | (215.38) | (160.15) | (157.87) p=0.78 p=0.55 p=0.54

EIPA 400.64 342.99 376.82 418.34 361.60 451.17 F1, 5-0.201, Fz, 5-0.153, Fz, 5.-0.667,
(98.39) (162.18) | (159.56) | (225.23) | (201.73) | (138.13) p=0.66 p=0.86 p=0.52

EEP 151.45 155.38 241.88 141.45 539.83 284.54 F1, 553949, Fz, 4,=6.867, Fz, 551925,
(144.18) | (142.48) | (156.50) (72.91) | (355.65)* | (129.73)* p=0.07 p=0.003 p=0.23

The data are expressed as the mean (SD) and were analyzed by two-way RM-ANOVA.

*Different from nondependent. *Calculated from negative peak area.
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Table 11. Effect of fentanyl+alcohol (25 pug/kg and 0.59 g/kg) on ventilation parameters

in nondependent, fentanyl-dependent, and alcohol-dependent rats.

Area Under the Curve (15 min, calculated from 1 min bin data)
NON-DEP FTN-DEP EtOH-DEP ANOVA

F M F M F M Sex Group Sex * Group

F 323.29 411.67 393.24 164.65 403.45 289.59 F1, 5=2.166, Fz, 5,-0.837, F1, 5-2.628,
(143.89) | (204.38) | (188.14) | (125.21) | (110.80) | (232.80) p=0.15 p=0.44 p=0.09

v 202.23 137.35 131.80 182.74 141.68 262.21 F1, ,,=0.980, sz ,5=0.525, F1, ,5=2.368,
(142.18) (66.73) (37.75) (55.20) (55.73) (188.61) p=0.33 p=0.60 p=0.11

Ti 682.59 1285.03 | 1142.82 698.98 1166.83 953.00 F1, 5-0-005, sz 4-0.100, F1, 51663,
(431.20) | (1232.92) [ (796.88) | (376.21) | (492.31) | (833.74) p=0.94 p=0.90 p=0.21

Te 460.37 332.32 248.79 36.73 405.67 220.57 F,’ 30=1-039, Fz, =901, F1, 5-0-143,
(142.50) | (105.65) | (272.75)* | (76.14)* | (201.63) | (302.35) p=0.013 p=0.013 p=0.87

PIF 399.69 561.85 521.10 497.80 552.32 556.16 F1, 5-0-435, sz 55-0-366, F1, 5,-0.664,
(83.28) (258.80) | (180.74) | (200.37) | (223.09) | (295.18) p=0.51 p=0.70 p=0.52

PEF 243.72 185.12 238.96 169.08 288.52 348.87 F1, ,5=0:213, Fz, 1,5=2.246, F1, ,5=0:727,
(120.97) | (132.43) (56.59) (142.98) | (132.49) | (222.20) p=0.65 p=0.12 p=0.49

RT 169.71 110.06 173.09 8.71 132.38 149.21 F1, 51950, sz 55-0-425, F1, 5-1-080,
(148.87) (85.78) (188.50) (14.37) (138.08) | (221.81) p=0.17 p=0.66 p=0.35

EIPA 357.30 363.70 371.70 333.27 477.85 248.24 F1, 2=2.750, Fz, ,.=0.015, F1, 1777,
(93.93) (90.45) (86.30) (245.23) | (194.52) (35.89) p=0.11 p=0.98 p=0.95

EEP 1111.73 | 1064.58 841.64 351.17 1561.83 840.92 F,, ,=10.14, Fz, 29=1-638, F1, 4,5=2.356,
(457.69) | (264.05) | (301.16)* | (219.31)* | (512.12) | (453.24) p=0.003 p=0.002 p=0.11

The data are expressed as the mean (SD) and were analyzed by two-way RM-ANOVA.

*Different from nondependent. *Calculated from total peak area.
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