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1  | INTRODUC TION

Fentanyl, sufentanil, alfentanil, and remifentanil are phenylpiperi-
dine opioids and agonists of the μ-opioid receptor (MOR) through 
which they exert analgesic and anesthetic effects in humans and 
many animal species. In cats, MOR-agonist opioids are effective an-
algesics (Carrozzo, Alcorn, & Ambros, 2018;Robertson, Taylor, Sear, 
& Keuhnel, 2005), but most exhibit little or no effect on the immo-
bilizing potency of volatile anesthetics. Fentanyl doses producing 
analgesia (Yackey, Ilkiw, Pascoe, & Tripp, 2004) and remifentanil con-
centrations more than 20 times greater than needed for analgesia 

(Brosnan, Pypendop, Siao, & Stanley, 2009) do not decrease isoflu-
rane minimum alveolar concentration (MAC) in cats. In contrast, very 
high concentrations of alfentanil—about 500 ng/ml—significantly de-
crease isoflurane MAC by 35% in cats (Ilkiw, Pascoe, & Fisher, 1997). 
This is surprising given the very close structural similarities among 
fentanyl, remifentanil, and alfentanil molecules.

We hypothesized that the isoflurane MAC-sparing effects ob-
served with some phenylpiperidine opioids might be mediated by 
nonopioid receptor effects. Fentanyl decreases neuronal release of 
acetylcholine to reduce muscarinic cholinergic activity (Mortazavi, 
Thompson, Baghdoyan, & Lydic,  1999), decreases release of 
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Abstract
Different structurally related phenylpiperidine opioids exhibit different isoflurane-
sparing effects in cats. Because minimum alveolar concentration (MAC) in cats is 
affected only by very high plasma concentrations of some phenylpiperidine opioids, 
we hypothesized these effects are caused by actions on nonopioid receptors. Using 
a prospective, randomized, crossover design, six cats were anesthetized with iso-
flurane, intubated, ventilated, and instrumented. Isoflurane MAC was measured in 
triplicate using a tail-clamp and bracketing technique. A computer-controlled intra-
venous infusion using prior pharmacokinetic models targeted plasma concentrations 
of 60  ng/ml fentanyl, 10  ng/ml sufentanil, or 500  ng/ml alfentanil, and isoflurane 
MAC was measured in duplicate. Next, naltrexone 0.6 mg/kg was administered to 
cats hourly during the opioid infusion, and isoflurane MAC was measured in dupli-
cate. Blood was collected during MAC determinations to measure opioid concentra-
tions. Responses were analyzed using repeated measures ANOVA with significance 
at p < .05. Alfentanil and sufentanil decreased isoflurane MAC by 16.4% and 6.4%, re-
spectively, and these effects were completely reversed by naltrexone. Fentanyl had 
no significant effect on isoflurane MAC. Alfentanil and sufentanil modestly reduce 
isoflurane MAC via agonist effects on opioid receptors. However, these effects are 
too small to justify clinical use of phenylpiperidine opioids as single agents to reduce 
MAC in cats.
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glutamate that may reduce excitatory NMDA receptor currents, 
and increases release of γ-aminobutyric acid (GABA) that may en-
hance inhibitory GABAA receptor currents (Pourzitaki et al., 2018). 
Additionally, various opioids at sufficient concentrations can di-
rectly modulate NMDA receptors (Hahnenkamp et  al.,  2004), 
α1-adrenergic receptors (Toda & Hatano,  1977), α2-adrenergic re-
ceptors (Hocker et al., 2008, 2009), dopamine receptors (Hagelberg 
et  al.,  2002), serotonin receptors (Leysen & Gommeren,  1986), 
voltage-gated sodium channels (Leffler et al., 2012), and potassium 
channels (Tschirhart, Li, Guo, & Zhang,  2019). Indeed, any hydro-
carbon with sufficient molar water solubility, when administered at 
near-saturated concentrations, can modulate anesthetic–sensitive 
ion channels and receptors (Brosnan & Pham, 2014, 2016, 2018) and 
potentially exert anesthetic-like effects. As alfentanil only decreases 
isoflurane MAC in cats at very high plasma concentrations, we pro-
posed it might do so through similar low-affinity interactions with 
anesthetic–sensitive ion channels and receptors.

The aim of this study was to test whether fentanyl, sufentanil, 
or alfentanil decreased isoflurane MAC in cats using intravenous in-
fusions that targeted constant high plasma concentrations. To test 
whether MAC-sparing effects were due to actions on opioid recep-
tors, the MOR-antagonist naltrexone would then be administered 
during the opioid infusion. If naltrexone returned isoflurane MAC 
to baseline values, then phenylpiperidine MAC-sparing was due to 
agonist effects on opioid receptors. If naltrexone did not, then phen-
ylpiperidine MAC-sparing must be mediated, at least in part, by non-
opioid mechanisms.

2  | MATERIAL AND METHODS

Six healthy adult cats weighing 4.9 ± 0.7 kg (mean ± SD) were stud-
ied using a randomized crossover design that was approved by the 
Animal Care and Use Committee at the University of California, 
Davis. Each cat was anesthetized three times, two weeks apart, 
using a Latin square design. Food, but not water, was withheld over-
night prior to study.

Unsedated cats were anesthetized with isoflurane in oxygen in 
an acrylic chamber. Cats were then intubated with a cuffed 4.5 mm 
endotracheal tube with a sampling port that extended to the distal 
tip, and anesthesia was maintained using isoflurane in oxygen de-
livered via a coaxial Mapleson F circuit. Breathing was controlled 
using a pressure-cycled flow-controlled ventilator (Mark 7, Bird 
Corporation) to achieve a 10 cm H2O peak inspiratory pressure and a 
rate sufficient to maintain normocapnia, as measured using a Raman 
scatter analyzer (Rascal II, Ohmeda); however, cats were allowed to 
breathe spontaneously during the expiratory pause. Percent hemo-
globin saturation with oxygen (SpO2) was estimated using a pulse ox-
imeter placed on the tongue (Rascal II, Ohmeda). End-tidal isoflurane 
was hand-sampled in glass syringes and measured using an infrared 
analyzer (Beckman LB2, Sensormedics) that was calibrated daily 
against multiple standard gases that spanned the range of study con-
centrations. Systolic arterial blood pressure was measured using a 

Doppler probe (Model 811-BTS, Parks Medical Electronics) over the 
radial artery and a sphygmomanometer with a cuff width equal to 
40% of the antebrachial circumference. Body temperature was mea-
sured using an esophageal thermistor probe (400 series, YSI) that was 
calibrated daily against a certified standard mercury thermometer 
(SRM934-FC, ERTCO). Heating pads and forced air warming or cool-
ing were used to maintain body temperature between 38 and 39°C. 
A 22-gauge, 4.8-cm catheter in the medial saphenous vein was used 
to administer either lactated Ringer's solution at 10 ml kg−1 hr−1or 
opioid infusions. A 20-gauge, 10-cm catheter placed percutaneously 
in the jugular vein was used for blood sampling.

Baseline isoflurane MAC in each cat was calculated as the av-
erage of triplicate measurements using a bracketing experimental 
design (Sonner, 2002). After a 20-min equilibration period at a con-
stant end-tidal isoflurane concentration and recording of physiologic 
responses, a Martin forceps was clamped to the first ratchet on the 
distal tail for 1 min or until the cat exhibited nonreflexive movement. 
End-tidal isoflurane concentration then was either increased 10% if 
the cat moved or was decreased 10% if the cat did not move. After 
20 min equilibration at the new isoflurane concentration, movement 
in response to forceps clamping was assessed at a site immediately 
proximal to the previous tail test. A single MAC value equaled the 
mean of the highest and lowest isoflurane concentrations that re-
spectively allowed and prevented movement in response to noxious 
stimulation. After the final baseline MAC measurement, jugular ve-
nous blood was collected for drug analysis.

Continuing isoflurane anesthesia, a syringe pump (PHD 2000; 
Harvard Apparatus) and target-controlled infusion computer soft-
ware (Rugloop I, Demed) were used with individual-specific phar-
macokinetic models to intravenously administer fentanyl citrate 
(Baxter), sufentanil citrate (Baxter), or alfentanil hydrochloride 
(Baxter) to target drug plasma concentrations of 60, 10, and 500 ng/
ml, respectively. Distribution volumes and elimination rate constants 
used to achieve plasma concentrations for each opioid were previ-
ously modeled for each individual cat in this study during isoflurane 
anesthesia (Pypendop, Brosnan, Majewski-Tiedeken, Stanley, & 
Ilkiw,  2014). Phenylpiperidine concentrations studied are approx-
imately equipotent (Glass, Gan, Howell, & Ginsberg,  1997;Mather, 
1983;Wilde et  al.,  2019) and are similar in potency to the highest 
effective remifentanil concentrations (Brosnan et  al.,  2009) and 
alfentanil concentrations (Ilkiw et al., 1997) previously reported in 
cats. Twenty minutes after the start of the opioid infusion, isoflu-
rane MAC was measured in duplicate using the same tail-clamp tech-
nique. Jugular venous blood was collected for drug analysis after 
each MAC determination.

To test whether opioid drug effects on isoflurane MAC were 
due to actions on opioid receptors, the opioid infusion was contin-
ued, and cats were administered 0.6 mg/kg naltrexone through the 
saphenous vein once hourly until the end of the study. Naltrexone 
administered at this dose and frequency is sufficient to antagonize 
remifentanil infusions equipotent to the phenylpiperidines used in 
the present study (Pypendop, Brosnan, & Ilkiw, 2011) but does not 
affect isoflurane MAC (Brosnan, Pypendop, Majewski-Tiedeken, 
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Shilo-Benjamini, & Ilkiw,  2013). Fifteen minutes after naltrexone 
administration, isoflurane MAC measurements using the tail-clamp 
procedure began. Subsequent tests used 20 min equilibration peri-
ods and were identical to the bracketing design described for mea-
surements during baseline and opioid infusions. MAC was measured 
in duplicate, jugular venous blood was collected after each determi-
nation, and cats were recovered from anesthesia at the end of the 
experiments.

Fentanyl, alfentanil, and sufentanil were measured in plasma by 
liquid chromatography–mass spectrometry (LCMS) analysis of pro-
tein-precipitated samples using materials, methods, equipment, and 
facilities identical to those described in a prior publication (Thomasy, 
Mama, Whitley, Steffey, & Stanley, 2007). D5-fentanyl was the in-
ternal standard for fentanyl and alfentanil, and d5-sufentanil was 
used as the internal standard for sufentanil. The limit of quantitation 
was 0.05 ng/ml for all phenylpiperidines. Measurement accuracy as 
a percent of nominal standard 1.5 and 20 ng/ml concentrations was 
within 98%-to-116% for all three opioids. Measurement precision as 
a percent relative standard deviation was within 3%-to-5% for these 
same standard concentrations of all three opioids.

Data were summarized using mean  ±  SD. Shapiro–Wilk tests 
were used to verify normal distribution for variables. Repeated mea-
sures analyses of variance and Holm–Šidák post hoc tests were used 
to detect differences from baseline during opioid and opioid + nal-
oxone administration for MAC and physiologic responses, as well 
as differences between opioid and opioid  +  naltexone for physio-
logic responses. Significance was set at an adjusted familywise Type 
I error rate < 0.05.

3  | RESULTS

During opioid infusions without naltrexone, mean plasma concen-
trations deviated 3%–10% from the target concentrations for the 
three phenylpiperidines (Table 1). With the addition of hourly nal-
trexone during the infusion, mean plasma opioid concentrations 
deviated 7%–10% from target values. The pharmacokinetic model 
used for target-controlled infusions also produced reasonably stable 
plasma opioid concentrations over time. For fentanyl, sufentanil, and 

alfentanil, respectively, the lowest measured opioid concentration 
was within 92%, 82%, and 94% of the plasma target, and the highest 
opioid concentration was within 112%, 99%, and 117% of the plasma 
target (Table 1).

Although fentanyl had no significant effect on isoflurane con-
centrations needed for immobility, sufentanil decreased isoflurane 
MAC by 6.4%, and alfentanil decreased isoflurane MAC by 16.4% 
(Table 2). Isoflurane MAC-sparing effects for both sufentanil and al-
fentanil were reversed by naltrexone.

Opioid infusions increased heart rate compared to baseline 
responses, and blood pressure was higher during fentanyl and al-
fentanil infusions when compared to responses measured during 
naltrexone reversal (Table 3). During baseline measurements, aver-
age systolic arterial pressure was ≤70 mmHg for 3/6 of cats prior to 
receiving sufentanil or alfentanil. During naltrexone administration, 
1/6 cats had an average systolic arterial pressure ≤70 mmHg for the 
fentanyl and alfentanil treatments, and 2/6 cats had blood pressures 
within this range for the sufentanil treatment.

Cats typically breathed between ventilator cycles when anes-
thetized with isoflurane alone or during opioid reversal with naltrex-
one. However, opioid infusions caused respiratory depression which 
allowed ventilation to be controlled for greater periods of time by 
the ventilator without patient-initiated breaths between ventilator 
cycles. As a result, respiratory frequency was lower and end-tidal 
CO2 higher during opioid infusions than during either baseline isoflu-
rane anesthesia or during naltrexone reversal (Table 3).

4  | DISCUSSION

High plasma concentrations of alfentanil and sufentanil caused a sta-
tistically significant decrease in isoflurane MAC that was completely 
reversed by naltrexone administration. Consequently, we conclude 
that the modest MAC-sparing effects of alfentanil and sufentanil re-
sult from actions on opioid receptors and not through lower-affinity 
interactions with nonopioid targets. However, alfentanil effects on 
MAC in the present study are only about one-half the magnitude of 
previously reported effects (Ilkiw et  al.,  1997) which could reflect 
response variability between different cat populations. Moreover, as 
with remifentanil (Brosnan et al., 2009), fentanyl had no effect on 
isoflurane requirement. It is unknown whether plasma concentra-
tions of these opioids were insufficient to observe MAC-sparing ef-
fects or whether these opioids simply lack any immobilizing potency 
in cats.

In contrast, phenylpiperidine opioids produced important 
cardiovascular effects. Heart rate increased after opioid admin-
istration, and naltrexone reversal returned both heart rate and 
blood pressure back to baseline levels. Pressor and chronotropic 
effects reflect an increase in sympathetic tone caused by opioid 
stimulation of catecholamine release that exceeds replacement. 
Although release can lead to brain catecholamine depletion, this 
does not occur uniformly in cats where intravenous morphine has 
been shown to actually increase norepinephrine in regions of the 

TA B L E  1   Mean (±SD) plasma concentrations (ng/ml) during 
target-controlled opioid infusions in cats

Phenylpiperidine Fentanyl Sufentanil Alfentanil

Baseline 0 ± 0 0 ± 0 0 ± 0

Opioid 55.4 ± 6.9 8.96 ± 1.24 513 ± 93

Opioid + Naltrexone 66.2 ± 11.3 9.12 ± 2.92 535 ± 128

Target concentration 60 10 500

Low concentration 54.0 ± 6.0 8.18 ± 1.03 472 ± 98

High concentration 67.3 ± 11.4 9.87 ± 2.39 584 ± 120

Note: The mean (±SD) low and high concentrations are calculated 
as the average of the highest and lowest measured concentrations, 
respectively, for each cat during each opioid infusion.
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hypothalamus and telencephalon (Reis, Rifkin, & Corvelli,  1969). 
Fentanyl also stimulates norepinephrine release in the spinal cord 
(Bouaziz, Tong, Yoon, Hood, & Eisenach,  1996) which plausibly 
could play a role in helping sustain cardiovascular stimulation. 
Likewise, high doses of opioids can stimulate serotonin release 
that can produce similar cardiovascular effects, along with hy-
perthermia and mania observed in awake animals (Bardon & 
Ruckebusch, 1984).

Published pharmacokinetic models (Pypendop et al., 2014) were 
used to determine infusion rates for target phenylpiperidine concen-
trations. Measured opioid concentrations were reasonably close to 
target values and remained stable over the course of an approxi-
mately 3 hr infusion period, thereby serving to validate the models. 
However, during sufentanil infusions prior to naloxone, only 1/6 cats 
achieved or exceeded the target sufentanil concentration, and mea-
sured plasma concentrations averaged approximately 10% lower 
than target values. This finding probably reflects a 10% underesti-
mation of the sufentanil volume of distribution in cats. Accordingly, 
these data can be used to further refine the pharmacokinetic model 
and improve target accuracy of sufentanil concentrations.

Even with extremely high plasma concentrations, MAC-sparing 
effects of alfentanil and sufentanil were quantitatively small and 

of limited clinical utility. Although phenylpiperidines may provide 
benefits during anesthesia through antinociception and blunting of 
autonomic responses to surgical stimuli, present findings leave us 
to conclude that these opioids should not be used as sole agents in 
cats for the purpose of decreasing volatile anesthetic requirements.
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Phenylpiperidine Baseline Opioid Opioid + Naltrexone

Fentanyl 1.97 ± 0.22 1.90 ± 0.09 2.16 ± 0.24

Sufentanil 2.03 ± 0.16 1.90 ± 0.17* 2.19 ± 0.18

Alfentanil 2.14 ± 0.18 1.79 ± 0.17* 2.20 ± 0.18

Note: MAC values during opioid infusions that are significantly different (adjusted p < .05) than 
repeated baseline measurements are indicated by an asterisk (*).

TA B L E  2   Mean (±SD) isoflurane MAC 
(% of 1 atmosphere) in 6 cats before and 
during target-controlled opioid infusions 
with and without hourly naltrexone 
administration

Phenylpiperidine Fentanyl Sufentanil Alfentanil

fH (min−1) B: 167 ± 31
O: 215 ± 46*

N: 166 ± 20

B: 164 ± 19
O: 214 ± 25*

N: 174 ± 24†

B: 159 ± 32
O: 217 ± 21*

N: 182 ± 17†

SAP (mmHg) B: 96 ± 22
O: 104 ± 21
N: 76 ± 7†

B: 71 ± 7
O: 86 ± 22
N: 78 ± 16

B: 76 ± 24
O: 103 ± 24
N: 74 ± 12†

fR (min−1) B: 20 ± 11
O: 20 ± 11
N: 16 ± 7

B: 18 ± 5
O: 14 ± 8
N: 22 ± 13

B: 12 ± 7
O: 22 ± 14*

N: 16 ± 14

SpO2 (%) B: 98 ± 1
O: 98 ± 1
N: 98 ± 1

B: 98 ± 1
O: 98 ± 1
N: 98 ± 1

B: 98 ± 1
O: 99 ± 1
N: 98 ± 1

PE’CO2 (mmHg) B: 30 ± 7
O: 37 ± 5
N: 27 ± 4†

B: 30 ± 5
O: 36 ± 5
N: 23 ± 4†

B: 28 ± 5
O: 37 ± 2*

N: 25 ± 6†

Tb (°C) B: 38.5 ± 0.3
O: 38.7 ± 0.3
N: 38.8 ± 0.6

B: 38.4 ± 0.2
O: 38.8 ± 0.2*

N: 38.4 ± 0.2†

B: 38.2 ± 0.2
O: 38.8 ± 0.1*

N: 38.6 ± 0.1*

Note: Statistically significant differences from repeated baseline (*) or opioid infusion values (†) are 
indicated by superscripts.
Abbreviations: fH, heart frequency; fR, respiratory frequency; SAP, systolic arterial pressure; SpO2, 
hemoglobin-oxygen saturation estimate by pulse oximetry; Tb, body temperature.

TA B L E  3   Physiologic responses 
(mean ± SD) measured in cats during 
baseline (B), opioid infusions (O), 
and opioid infusions with hourly 
administration of naltrexone (N)

https://orcid.org/0000-0002-0508-6363
https://orcid.org/0000-0002-0508-6363
https://orcid.org/0000-0002-0894-0991
https://orcid.org/0000-0002-0894-0991
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