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RESEARCH ARTICLE
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Abstract
The aim of this study was to measure the temporal effects of intramuscular methadone admin-

istration on theminimum anesthetic concentration (MAC) of isoflurane in hens, and to evaluate

the effects of the isoflurane-methadone combination on heart rate and rhythm, blood pressure

and ventilation. Thirteen healthy adult hens weighing 1.7 ± 0.2 kg were used. TheMAC of iso-

flurane was determined in each individual using the bracketing method. Subsequently, the

reduction in isofluraneMAC produced bymethadone (3 or 6 mg kg-1, IM) was determined by

the up-and-downmethod. Stimulation was applied at 15 and 30minutes, and at 45minutes if

the bird had not moved at 30minutes. Isoflurane MAC reduction was calculated at each time

point using logistic regression. After a washout period, birds were anesthetized with isoflurane

andmethadone, 6 mg kg-1 IM was administered. Heart rate and rhythm, respiratory rate,

blood gas values and invasive blood pressure were measured at 1.0 and 0.7 isoflurane MAC,

and during 45minutes after administration of methadone once birds were anesthetized with

0.7 isofluraneMAC. Fifteen minutes after administration of 3 mg kg-1 of methadone, isoflurane

MACwas reduced by 2 (-9 to 13)% [logistic regression estimate (95%Wald confidence inter-

val)]. Administration of 6 mg kg-1 of methadone decreased isoflurane MAC by 29 (11 to 46)%,

27 (-3 to 56)% and 10 (-8 to 28)% after 15, 30 and 45minutes, respectively. Methadone (6 mg

kg-1) induced atrioventricular block in three animals and ventricular premature contractions in

two. Methadone caused an increase in arterial blood pressure and arterial partial pressure of

carbon dioxide, while heart rate and pH decreased. Methadone, 6 mg kg-1 IM significantly

reduced isofluraneMAC by 30% in hens 15minutes after administration. At this dose, metha-

done causedmild respiratory acidosis and increase in systemic blood pressure.

PLOS ONE | DOI:10.1371/journal.pone.0152546 March 28, 2016 1 / 12

a11111

OPEN ACCESS

Citation: Escobar A, da Rocha RW, Pypendop BH,
Zangirolami Filho D, Sousa SS, Valadão CAA (2016)
Effects of Methadone on the Minimum Anesthetic
Concentration of Isoflurane, and Its Effects on Heart
Rate, Blood Pressure and Ventilation during
Isoflurane Anesthesia in Hens (Gallus gallus
domesticus). PLoS ONE 11(3): e0152546.
doi:10.1371/journal.pone.0152546

Editor: Francesco Staffieri, University of Bari, ITALY

Received: August 3, 2015

Accepted: March 16, 2016

Published: March 28, 2016

Copyright: © 2016 Escobar et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by the Conselho
Nacional de Desenvolvimento Científico e
Tecnológico - 475127/2012-9 CNPq - Brazil. The
funder had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript. Pró-reitoria de Pesquisa UNESP -
1769/009/13 PROPe/CDC. "The funders had no role
in study design, data collection and analysis, decision
to publish, or preparation of the manuscript."

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0152546&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0152546&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0152546&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
The pharmacodynamics of opioids in avian patients are still understudied; most investigations
on antinociceptive and immobilizing effects of opioids are with butorphanol or buprenorphine
[1–5], which are not full agonist at μ-opioid receptors [6]. The butorphanol dosage that
decreases the minimum anesthetic concentration (MAC) of sevoflurane is unsafe and has
short-lived effects in guineafowl [7] and the analgesic effect of butorphanol in birds is contro-
versial [2,3]. On the other hand, morphine and fentanyl, which are full agonists at μ-opioid
receptors, reduced isoflurane MAC by more than 50% in chickens and red-tailed hawks,
respectively [8,9].

Methadone is a μ-opioid receptor agonist [10] and also an antagonist of N-methyl-D-aspar-
tate (NMDA) receptors [11]. Those two complementary mechanisms may potentially contrib-
ute to an analgesic and anesthetic-sparing effect in birds. In dogs, intravenous methadone
administration reduced the MAC of isoflurane by 30% for at least five hours [12]. Intravenous
methadone administration in cats decreased the MAC of isoflurane by 25% at approximately
30 minutes after administration, but this effect was short-lived [13]. In rats, methadone
induced a dose-dependent reduction in sevoflurane MAC for at least 6 hours, and the high
dose studied decreased MAC by 100% [14].

To the author’s knowledge there are no studies assessing the anesthetic-sparing effect of
methadone in birds, or evaluating the cardiorespiratory effects of equipotent concentrations of
isoflurane alone or combined with methadone. The purpose of this study was to determine the
reduction in minimum anesthetic concentration of isoflurane in hens (Gallus gallus domesti-
cus) induced by methadone administered at 2 different doses, and to characterize some cardio-
respiratory effects of the dose producing an anesthetic-sparing effect. We hypothesized that
methadone would reduce the MAC of isoflurane in hens in a dose-dependent manner, and that
the methadone-isoflurane combination would result in less depression of heart rate and
rhythm, blood pressure and ventilation than an equipotent concentration of isoflurane alone.

Materials and Methods
This study was approved by the Committee on the Ethics of Animal Use of the Sao Paulo State
University in Jaboticabal, Brazil (CEUA protocol 008078/13).

Phase 1—Determination of the Effects of Methadone on the MAC of
Isoflurane

Animals. Thirteen 8–12 month old ISA Brown poultry chickens weighing 1.7 ± 0.2 kg
(mean±SD) were used in this study. Water and poultry feed were provided ad libitum and were
not withheld from birds before the study. Birds were housed in a stall (3 X 3 X 4 m) and were
considered healthy based on physical examination and a complete blood count and biochemis-
try profile. No artificial lighting was used, and temperature was controlled.

Study Preparation. General anesthesia was induced in each animal with isoflurane (Iso-
forine; Cristália Produtos Químicos e Farmacêuticos Ltda, Brazil) in oxygen, using a face mask
connected to a Bain circuit. Oxygen flow rate was 3 L minute-1 and isoflurane vaporizer setting
was 5% (Isoflurane Sigma Delta Vaporizer; Penlon Inc., USA). The chicken’s trachea was intu-
bated with a 3.0 mm endotracheal tube and the cuff was not inflated. After animals were posi-
tioned in dorsal recumbency, the oxygen flow rate was reduced to 1 L minute-1 and the
isoflurane vaporizer setting was reduced to 1.5%. Intermittent positive pressure ventilation was
initiated, with a peak inspiratory pressure of 15 cm H2O and an inspiration-expiration ratio of
1:3. The respiratory rate was adjusted to maintain normocapnia (end-tidal partial pressure of
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carbon dioxide [PE0CO2] between 30 and 40 mm Hg). End-tidal gas samples (10 mL) were col-
lected over 7 to 10 breaths, using a glass syringe, from a 3.5F catheter (Tom Cat 3.5F Fr; Orto-
vet, Brazil) introduced within the lumen of the endotracheal tube, with the tip of the catheter
located near the distal end of the endotracheal tube. PE0CO2 and isoflurane concentration in
these samples were determined using an infrared spectrometer (DX-AJAGA-1 (AGA); Dixtal,
Brazil). The anesthetic gas analyzer was calibrated before and during each experiment with
room air and three calibration standards containing 0.5, 1.5 and 3% isoflurane (White Martins
Gases Industriais SA, Brazil) [15]. End-tidal isoflurane values were corrected using the linear
regression equation generated from the calibration standards; PE0CO2 auto-calibration was
performed by the infrared spectrometer before and during the study.

Ulnar venous catheterization was performed using a 24-gauge catheter (BD Angiocath; BD,
Brazil) for administration of NaCl 0.9% solution at 5 mL kg-1 hour-1 via a syringe pump (Med-
fusion 2010i; Medex Inc., GA, USA). Pulse rate was measured with a pulse oximeter (Dixtal
2010; Dixtal, Brazil). Systolic blood pressure was measured using a Doppler ultrasound probe
(Ultrasonic Doppler flow detector model 812; Parks Medical Eletronic Inc, Brazil) positioned
over the median metatarsal artery, and a cuff, the width of which was approximately 40% of
the thigh circumference, positioned proximally to the ultrasound probe, and connected to a
sphygomanometer. Cloacal temperature was monitored with a mercury thermometer (Veteri-
nary Thermometer; Incoterm, Brazil) and maintained between 40 and 41°C, using a heat lamp
and a circulating warm water blanket (T/Pump; Gaymar, NY, USA) as needed.

Determination of the MAC of isoflurane. The MAC of isoflurane was determined in
each bird using the bracketing method [4]. Using this experimental design, MAC is defined as
the mean of 2 consecutive isoflurane concentrations not different by more than 10–20%, one
allowing movement and one preventing movement in response to a noxious stimulus [16].

Each chicken was anesthetized with a predetermined end-tidal isoflurane concentration (1.0
to 1.3%) for 15 minutes and baseline heart rate, respiratory rate, PE0CO2, end-tidal isoflurane
concentration, systolic blood pressure, and cloacal temperature were recorded. End-tidal gas
samples were collected in triplicate and the mean value for PE0CO2 and end-tidal isoflurane
concentration were calculated and reported. A noxious electrical stimulus was then applied to
the medial side of the chicken’s thigh area using a pair of subcutaneous needles connected to
an electrical stimulator (SD9 Square Pulse Stimulator, Astro-Med Inc, RI, USA). Each pair of
needles was replaced every two stimuli and positioned at a different site of the medial thigh
skin to prevent desensitization [17]. The electrical stimulus (15V, 6.5 milliseconds, 50 Hz) was
applied for 1 minute or until movement was observed (movement of the head, contralateral
leg, wings or tail). End-tidal isoflurane concentration was increased or decreased by 10% if
movement was observed or not, respectively. Anesthesia was maintained at the new isoflurane
concentration for 15 minutes, measurements obtained as described for baseline, and the electri-
cal stimulus was applied again. This procedure was repeated until a change in response was
observed; MAC was calculated as the mean of the 2 successive concentrations, one allowing
and one preventing movement. MAC was determined in triplicate and the mean of the three
MAC values was reported. Local barometric pressure was estimated to be 716 mmHg, and
MAC values were corrected to sea-level barometric pressure using the formula [18]:

MAC ð%Þ at sea level ¼ Measured MAC ð%Þ x 716

760

� �

Determination of the effects of methadone on the MAC of isoflurane. Immediately
after determination of the individual isoflurane MAC (i.e. during the same anesthetic event),
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the effect of methadone, 3 mg kg-1 IM, on the MAC of isoflurane was determined using a quan-
tal design [4,19]. This design allows the reduction in isoflurane MAC to be determined at pre-
determined time points (i.e. 15-minutes intervals). Contrary to the bracketing method, with
the quantal method, each animal’s response (movement or no movement) is assessed at a single
anesthetic concentration; data from the whole study sample were fitted to a logistic model to
calculate the reduction in isoflurane MAC in the chicken population at specific intervals after
methadone administration.

In the first bird, end-tidal isoflurane concentration was reduced to 0.7 times this individual’s
MAC and maintained constant for 15 minutes. Methadone (Mytedom; Cristália Produtos Quí-
micos e Farmacêuticos Ltda, Brazil), 3 mg kg-1, was injected in the pectoral muscle. Prior to
each noxious stimulation, heart rate, respiratory rate, PE0CO2, end-tidal isoflurane concentra-
tion, systolic blood pressure, and cloacal temperature were recorded as described above. A nox-
ious electrical stimulus was applied as previously described 15 and 30 minutes after the
administration of methadone, and the response (movement or no movement) was recorded.
Stimuli were always applied at 15 and 30 minutes due to lack of pharmacokinetic studies for
methadone in chickens. If no movement was observed after 30 minutes, the electrical stimulus
was applied every 15 minutes until the animal moved. Isoflurane concentration was main-
tained constant (i.e. at 0.7 times this individual’s MAC) for the whole duration of measure-
ments. If movement was observed at 30 minutes after methadone administration, the study for
that bird was considered completed and the bird was allowed to recover from anesthesia. If a
positive response (movement) in response to noxious electrical stimulation was observed after
30 minutes of injection, a positive response was assumed at subsequent time points.

The isoflurane concentration in the subsequent birds was selected according to the response
(movement or no movement) of the previous bird 15 minutes after methadone administration.
If a negative response (no movement) to stimulation was observed in the previous bird at any
time point after methadone administration (i.e. 15, 30, 45, etc. minutes), end-tidal isoflurane
concentration for the next bird was decreased by 0.1 times the bird’s individual isoflurane
MAC (e.g. 0.6 MAC for the second bird if a negative response was observed at any time point
in the first bird). If a positive response (movement) to stimulation was observed in the previous
bird both 15 and 30 minutes following methadone administration, the end-tidal isoflurane
concentration for the next bird was increased by 0.1 times the bird’s individual isoflurane
MAC (e.g. 0.8 MAC for the second bird if a positive response was observed at 15 and 30 min-
utes after methadone administration in the first bird). The selected isoflurane concentration
was maintained constant for the whole duration of measurements. Measurements and stimula-
tions were conducted, and responses were recorded as described for the first bird. A single iso-
flurane concentration was studied in each bird. Because MAC is defined as the concentration
at which the probability of movement equals the probability of no movement, if the concentra-
tion selected in the quantal study for a particular individual was equal to 1.0 MAC, the electri-
cal stimulation was performed at 15 minutes after methadone administration only, and an
identical response was assumed at the subsequent time points. In case the concentration
selected was higher than 1.0 MAC, the studied was terminated if the bird did not move at 30
minutes after methadone administration.

At least one week after the first anesthetic event (washout period), the determination of the
effect of methadone on the MAC of isoflurane was repeated using identical methods, with the
exception that the dose of methadone administered was 6 mg kg-1 IM.

Anesthetic times. Time intervals were calculated as follows: induction time (from initial
administration of isoflurane to intubation), instrumentation time (from endotracheal intuba-
tion to completion of placement of monitoring instruments), time to MAC determination
(from end of instrumentation to end of determination of the individual’s MAC), study time
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(from methadone administration to the discontinuation of isoflurane administration), time to
extubation (from discontinuation of isoflurane administration to extubation), and time to stand
(from discontinuation of isoflurane administration to the bird assuming a standing position).

Statistical Analysis. Physiologic variables, anesthetic times and isoflurane MAC values
were analyzed for normality using the Shapiro-Wilk test. Mean ± SD are reported for normally
distributed data. Physiologic variables obtained at time points used for MAC determination
(i.e. physiologic variables at 1.0 MAC of isoflurane) were compared to data after methadone
administration using one-way ANOVA, followed by the Tukey test for pairwise comparisons.
Time to extubation and time to stand in the 3 and 6 mg kg-1 group were compared using the
unpaired t-test or the Mann-Whitney test for normally and non-normally distributed data,
respectively. Significance level was set at 5%.

To calculate the isoflurane MAC reduction after 3 and 6 mg kg-1 of methadone, calculated
MAC reduction corresponding to the selected isoflurane concentration in each individual was
fitted to a logistic model at each time point. The value yielding a probability of 0.5 for MAC
reduction was calculated and is reported, with its corresponding 95%Wald confidence interval,
and considered to be the MAC reduction produced by methadone for that time point and
methadone dose. MAC reduction was considered statistically significant if the value was posi-
tive and the 95% confidence interval did not include 0.

Phase 2—Evaluation of the Cardiorespiratory Effects of Methadone
Isoflurane-Anesthetized Chickens

Animals. Eight of the 13 ISA Brown poultry chickens used in phase 1, weighing 1.9 ± 0.1
kg and aged 15 to 18 months were used. Housing and feeding were identical as in phase 1. The
MAC of isoflurane had been determined in each individual chicken in phase 1.

Study preparation. Animals were preoxygenated for one minute, using a face mask con-
nected to a Bain circuit with an oxygen flow rate of 3 L minute-1. Anesthesia was induced with
isoflurane in oxygen, using the face mask and Bain circuit, with identical oxygen flow rate, and
an initial vaporizer setting of 5%. The chickens’ trachea was intubated with a 3.0 mm endotra-
cheal tube, which cuff was not inflated. Birds were positioned in dorsal recumbency, and the
endotracheal tube was connected to the Bain circuit. The oxygen flow rate was reduced to 1 L
minute-1, and the end-tidal isoflurane was adjusted to 1.0 times the individual’s isoflurane
MAC. Animals were allowed to breathe spontaneously for the duration of the study. Sampling
of end-tidal gases, administration of fluids and gas analyzer calibration were performed as
described for Phase 1.

Electrocardiogram (ECG) electrodes were attached to the skin at the base of both wings and
at the mid-thigh level and a lead II ECG (ECGPC; TEB, Brazil) was recorded. Cloacal tempera-
ture was maintained between 40° and 41°C as described above. A 24-gauge catheter was
inserted in the ulnar artery for measurement of arterial blood pressure by means of a pressure
transducer (Dixtal 2010; Dixtal, Brazil). Calibration of the transducer was verified using a mer-
cury column. The transducer was positioned and zeroed at the level of bird’s sternal extremity
of the coracoid bone. Approximately 0.5 mL of arterial blood was collected in a syringe con-
taining sodium heparin, and the pH, partial pressure of oxygen (PaO2) and carbon dioxide
(PaCO2), sodium, potassium and chloride concentrations were immediately measured
(OMINI C; Roche Diagnostics, Brazil). In addition, bicarbonate concentration and base excess
(BE) were calculated using standard equations. Blood gas measurements were adjusted for
body temperature using a standard equation.

Evaluation of cardiorespiratory, acid-base and electrolyte effects. Baseline data (heart
rate, heart rhythm, respiratory rate, body temperature, systolic, diastolic and mean arterial
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blood pressure, end-tidal partial pressure of carbon dioxide, and arterial pH, PO2, PCO2, and
sodium, potassium and chloride concentrations) were collected 30 minutes after induction of
anesthesia (T1MAC), when animals had been anesthetized at 1.0 times their individual isoflur-
ane MAC for a minimum of 15 minutes. After baseline data had been obtained, end-tidal iso-
flurane concentration was decreased to 0.7 individual MAC and was kept at that concentration
for the remainder of the study. Measurements were repeated as above after 15 minutes at the
new isoflurane concentration (T0.7MAC). Methadone hydrochloride (6 mg kg-1) was adminis-
tered in the pectoral muscle and measurements were repeated as previously at 1 (T1), 5 (T5),
10 (T10), 15 (T15), 30 (T30), and 45 (T45) minutes after administration.

Following completion of the study, instruments were removed and animals were allowed to
recover from anesthesia. They received oxygen supplementation until extubation.

Statistical Analysis. The Shapiro-Wilk test was used to verify normal distribution of the
data. Data obtained at T1MAC and T0.7MAC were compared to data obtained after metha-
done administration using a repeated-measures ANOVA, followed by Tukey’s test for pairwise
comparisons where appropriate. Significance level of all tests was set at 5%. Data are reported
as mean±SD.

Results

Phase 1
Using the bracketing method, mean ± SD isoflurane MAC determined for the thirteen chickens
was 1.1 ± 0.1%. Nine and 12 chickens were used in the 3 and 6 mg kg-1 methadone groups,
respectively Methadone, 3 mg kg-1 IM, reduced isoflurane MAC by 2 (-9 to 13)% 15 minutes
after injection (Fig 1); the change was not significant. Three independent crossover events (suc-
cessive independent chickens having different responses (movement or no movement) to stim-
ulation) were observed. Data after 30 minutes of injection were identical. All chickens that
were anesthetized with less than 1.0 MAC moved during electrical stimulation at 30 minutes
after injection (two chickens were administered isoflurane at 1.0 MAC and the study was com-
pleted at 15 minutes after injection of methadone; one chicken was anesthetized with more
than 1.0 MAC and the study terminated at 30 minutes after injection because it did not move).
Following IM administration of 6 mg kg-1 of methadone, isoflurane MAC decreased by 29 (11
to 46)%, 27 (-3 to 56)% and 10 (-8 to 28)% 15, 30 and 45 minutes after methadone administra-
tion, respectively (Fig 1). The MAC reduction was considered statistically significant at 15 min-
utes after methadone administration only. Four crossover events were observed at each of
these time points. Thirty minutes after injection of methadone, five chickens moved; two were
anesthetized with 1.0 isoflurane MAC, and the study was therefore completed for them. Five
chickens were tested 45 minutes after injection of methadone and three moved; two chickens
were tested 60, 75, 90 and 105 minutes after injection of methadone and one moved at 105
minutes; the remaining chicken was tested at 120, 135 and 150 minutes after injection of meth-
adone and moved at 150 minutes. Reduction of isoflurane MAC after 45 minutes could not be
estimated due to the low number of chickens that did not move. One bird developed cloacal
prolapse and rupture and was euthanatized during the study of the 6 mg kg-1 dose.

Measurements of cardiorespiratory variables during MAC determination and after adminis-
tration of methadone are summarized in Table 1. There were no changes in any variable after
methadone administration compared to baseline. Median (range) induction and instrumenta-
tion times for all anesthetic procedures were 2 (1 to 7) and 11 (6 to 24) minutes, respectively.
Median time to MAC determination was 109 (87 to 179) minutes for the 13 chickens. Median
study time was 21 (17 to 34) and 32 (20 to 49) minutes for the 3 and 6 mg kg-1 methadone
groups, respectively. The difference was statistically significant (P = 0.029). Median time to
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extubation in the 3 and 6 mg kg-1 methadone groups was 5 (1 to 13) and 9 (2 to 43) minutes,
respectively; the difference was not significant. One animal in the 3 mg kg-1 methadone group
was extubated more than 10 minutes (13 minutes) after the end of anesthetic administration.
Five animals in the 6 mg kg-1 methadone group were extubated more than 20 minutes (22, 26,
28, 34 and 43 minutes) after the end of anesthetic administration. There was no difference in
median time to stand between the 3 mg kg-1 [51 (11 to 79) minutes] and 6 mg kg-1 [46 (12 to
119) minutes] methadone groups. Five animals in the 3 mg kg-1 methadone group took more
than 50 minutes (51, 51, 55, 62 and 79 minutes) to stand after the end of anesthetic administra-
tion. Five animals in the 6 mg kg-1 methadone group took more than 50 minutes (61, 76, 80, 93
and 119 minutes) to stand after the end of anesthetic administration.

Fig 1. Predicted probability of MAC reduction obtained by logistic regression (line) of observed responses (closed circles) to noxious electrical
stimulation in chickens anesthetized with various end-tidal concentrations of isoflurane (presented as% change from their individual isofluraneMAC),
following intramuscular administration of 3 (n = 9) or 6 (n = 12)mg kg-1 methadone. A—Data obtained 15minutes after IM administration of 3 mg kg-1

methadone. B—Data obtained 15 minutes after IM administration of 6 mg kg-1 methadone. C—Data obtained 30minutes after IM administration of 6 mg kg-1

methadone. D—Data obtained 45minutes after IM administration of 6 mg kg-1 methadone. The closed square shows the predicted MAC reduction (the label
represents the value in%), and the error bar represents the 95%Wald confidence interval. The 95% confidence interval does not include 0 for the 6 mg kg-1 group
at 15 min only, andMAC reduction was therefore considered significant only in that group at that time point. Note that some data points may be superimposed.

doi:10.1371/journal.pone.0152546.g001
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Phase 2
Mean ± SD instrumentation time was 19 ± 8 minutes. Mean ± SD monitored variables are
summarized in Table 2. Atrioventricular block and ventricular premature contractions were
observed following methadone administration in 3 and 2 chickens, respectively.

Discussion
This study reports the effects of methadone on the MAC of isoflurane in hens and some cardio-
respiratory effects of the methadone/isoflurane combination. Mean isoflurane MAC reported

Table 1. Temperature and selected cardiorespiratory variables in hens anesthetized with isoflurane at baseline (measurement obtained at time
points used for MAC determination, i.e. at isoflurane concentration close to 1.0 MAC), 15 minutes after IM administration of 3 mg kg-1 methadone,
and 15, 30 and 45 minutes after IM administration of 6 mg kg-1 methadone.

Variable Baseline at MAC,
n = 13

3 mg kg-1, 15
min, n = 9

6 mg kg-1, 15 min,
n = 12

6 mg kg-1, 30 min,
n = 12

6 mg kg-1, 45
min, n = 5

Heart rate (beats min-1) 202 ± 44 190 ± 35 178 ± 55 183 ± 56 184 ± 38

Indirect blood pressure (mm Hg) 92 ± 7 95 ± 12 99 ± 12 100 ± 14 103 ± 16

End-tidal partial pressure of carbon
dioxide (PETCO2 mm Hg)

34 ± 3 35 ± 7 33 ± 6 35 ± 8 36 ± 5

Temperature (°C) 40.6 ± 0.2 40.7 ± 0.2 40.5 ± 0.2 40.4 ± 0.3 40.4 ± 0.3

Measurements were recorded immediately before application of the electrical stimulus used for MAC determinations. n = number of chickens.

doi:10.1371/journal.pone.0152546.t001

Table 2. Mean ± SD cardiorespiratory, acid-base and arterial electrolyte variables in hens anesthetized with isoflurane at 1.0 MAC (T1MAC), and at
0.7 MAC before (T0.7MAC) and after IMmethadone (6 mg kg-1) administration (T1 to T45).

Variable Time Point

T1MAC T0.7MAC T1 T5 T10 T15 T30 T45

Heart rate (beats minute-1) 206 ± 30 232 ± 60 210 ± 41 200 ± 38 187 ± 32† 185 ± 35† 206 ± 55 206 ± 51

Respiratory rate (breaths minute-
1)

16 ± 2 18 ± 4 17 ± 3 16 ± 3 14 ± 3 14 ± 4 15 ± 4 16 ± 3

End-tidal partial pressure of
carbon dioxide (PETCO2 mm Hg)

39 ± 3 43 ± 5 45 ± 6 46 ± 9 48 ± 7* 50 ± 9* 49 ± 12* 51 ± 9*†

Systolic arterial pressure (mmHg) 96 ± 16 107 ± 15* 107 ± 15* 103 ± 14 105 ± 14* 106 ± 14* 109 ± 14* 111 ± 15*

Diastolic arterial pressure
(mmHg)

80 ± 12 92 ± 15* 92 ± 15* 88 ± 14* 88 ± 13* 89 ± 13* 94 ± 15* 96 ± 16*

Mean arterial pressure (mmHg) 89 ± 13 101 ± 15* 101 ± 14* 97 ± 13* 98 ± 13* 99 ± 14* 103 ± 14* 105 ± 15*

Cloacal temperature (°C) 40.6 ± 0.2 40.6 ± 0.2 40.6 ± 0.3 40.7 ± 0.3 40.6 ± 0.3 40.5 ± 0.2 40.5 ± 0.2 40.5 ± 0.3

pH 7.45 ± 0.03 7.42 ± 0.07 7.39 ± 0.06* 7.38 ± 0.07*† 7.38 ± 0.06* 7.39 ± 0.04*

PaO2 (mmHg) 335 ± 36 327 ± 35 332 ± 38 316 ± 51 329 ± 52 337 ± 57

PaCO2 (mmHg) 31 ± 3 37 ± 8 39 ± 7* 42 ± 8* 44 ± 9*† 45 ± 9*†

HCO3 (mmol L-1) 21 ± 2 23 ± 2 23 ± 3* 24 ± 3* 25 ± 4*† 26 ± 4*†

BE (mmol L-1) -2.16 ± 2.05 -0.97 ± 2.15 -0.85 ± 2.58 -0.46 ± 2.73 0.73 ± 3.8* 1.73 ± 3.67*†

Na (mmol L-1) 155 ± 4 157 ± 2 156 ± 2 156 ± 3 158 ± 2 157 ± 3

K (mmol L-1) 3.2 ± 0.2 3.3 ± 0.5 3.3 ± 0.4 3.4 ± 0.2 3.4 ± 0.3 3.7 ± 0.2*†

Cl (mmol L-1) 116 ± 3 117 ± 2 117 ± 3 116 ± 3 116 ± 2 115 ± 2

*Significantly different from values at TMAC (p < 0,05).
†Significantly different from values at T0.7MAC (p < 0,05).

For Cl and K values, n = 6.

doi:10.1371/journal.pone.0152546.t002
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in the present study (1.1%) was similar to that in other studies in chickens (1.24%, 1.15%)
[8,20], ducks (1.3%) [21], thick-billed parrots (1.07%) [22] and cinereous vultures (1.06%)
[23], but lower than in crested serpent eagles (1.46%) [24], pigeons (1.8%) [25], and red-tailed
hawks (2.05%) [9]. Differences in MAC values in these studies can be attributed to species (i.e.
genetic) differences, and to other influences, which include differences in methods, experimen-
tal errors and circadian rhythm [16]. In any case, the clinical relevance of the present study lies
in the difference in isoflurane MAC before and after administration of methadone. Although
there are differences in the methodology used for the baseline MAC for isoflurane and MAC
after methadone administration, both quantal and bracketing designs are expected to result in
similar estimates of MAC [16].

Intramuscular administration of methadone in chickens induced a reduction in isoflurane
MAC only at the higher dose studied (6 mg kg-1), and only for a short time following IM
administration. Electrical stimulation was performed in all animals at 15 and 30 minutes after
methadone administration because we did not know the time to maximum plasma methadone
concentration and therefore maximum effect, due to lack of pharmacokinetic data for metha-
done in chickens. We believe that time to maximum plasma methadone concentration was
reached before 30 minutes after intramuscular administration, as reported for other opioids
[26,27]. Although the higher dose of methadone decreased isoflurane MAC by 30%, this reduc-
tion was short lived as reported for butorphanol in guineafowl [4]. One explanation for this
short duration is that methadone likely has a high clearance in chickens, such as reported for
other opioids in birds [26,27].

Methadone decreases the isoflurane MAC in dogs [12,28], cats [13] and rats [14], but to the
authors’ knowledge, the effects have not been studied in other species, including birds. In cats,
the anesthetic sparing effect of methadone lasted for at least 76 minutes (15% of sevoflurane
MAC reduction), and no MAC reduction was detected 122 minutes after administration [13].
However in dogs, intravenous methadone administration induced a dose-related decrease in
isoflurane MAC for at least five hours [12]. The difference between the offset of effect of metha-
done in chickens and dogs or cats could be attributed to pharmacodynamic reasons such as dif-
ferences in the opioid receptors binding affinity or efficacy in the spinal cord [29]. Duration of
effect is also expected to be dose-dependent, because with higher doses, plasma and effect-site
concentrations will take longer to decrease below the concentration producing an effect; given
the lack of pharmacokinetic data in chickens, it is impossible to establish whether the dose
used in this study produces plasma concentrations similar to the studies in other species. In
addition, there are no studies reporting that methadone inhibits NMDA receptors in chickens,
although in vitro studies have demonstrated this effect [11]. This may have influenced both
magnitude and duration of effect.

There were no differences in time to extubation and to stand between chickens that received
3 or 6 mg kg-1 of methadone. However, five animals that received the higher dose were extu-
bated over 20 minutes after the end of isoflurane administration. We did not compare these
values to chickens anesthetized with isoflurane alone, but other studies in chickens have docu-
mented a mean extubation time of 3.8 ± 2.4 minutes [20]. Although the median time to extuba-
tion (9 minutes) for animals that received the highest methadone dose is not very long, some
extubation times were considerably longer than in chickens anesthetized only with isoflurane.
Similarly, time to stand in the present study was considerably longer than previously docu-
mented for chickens anesthetized with isoflurane alone (1.8 ± 1.5 minutes), even when the dif-
ference in calculation of the time (from extubation in the study with isoflurane alone, and from
discontinuation of isoflurane administration in the present study) is taken into account [20].
At these doses, methadone seems to prolong anesthesia recovery in birds and should be used
with caution in unhealthy patients.
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The second part of the study compared the cardiorespiratory effects of isoflurane alone to
isoflurane combined with methadone. Since methadone reduced isoflurane MAC by 30% at 15
and 30 minutes after administration, equipotency was achieved for measurements at T1MAC,
T15 and T30, although the variability in MAC reduction at 30 minutes was larger. No adverse
cardiorespiratory effects were detected in the first part of the study, however ventilation was
controlled during this phase of the study, body temperature was maintained constant and inva-
sive blood pressure and electrocardiogram were not monitored. In the second phase of the
study, a significant decrease in heart rate, increase in blood pressure, mild hypercapnia and
arrhythmias were detected. Heart rate after methadone administration was lower only when
compared to T0.7MAC, but mean heart rate at this time point was higher because chickens
were at a light plane of anesthesia. Blood pressure was significantly higher 15 and 30 minutes
after methadone administration, compared to animals anesthetized with isoflurane only
(T1MAC). Opioids usually decrease the heart rate due to an increase in vagal tone [6], and the
increase in blood pressure could be associated to methadone-induced vasopressin release [30].
Alternatively, the increase in blood pressure may be related to the decrease in isoflurane con-
centration. Although some animals developed arrhythmias after methadone administration,
no clinically relevant changes in blood pressure were detected.

Arterial potassium and base excess increased after methadone administration, however
their value are still within the reference range for the species [31], and were similar to values
reported for other anesthetized bird species [7,32]. There was a significant increase in PaCO2

and a decrease in arterial pH five minutes after administration of methadone. Respiratory aci-
dosis has been described during isoflurane anesthesia under spontaneous ventilation in differ-
ent avian species [21,24,25,32]. In addition, opioids induce respiratory depression in mammals
[6], and methadone probably contributed to the respiratory acidosis reported in the present
study. Although chickens experienced respiratory depression in the present study, this effect
was considered mild.

This study should be interpreted in view of some limitations. First, we did not measure the
plasma methadone concentration and we could not examine its relationship with the effect on
isoflurane MAC. Second, the order of dose was not randomized, nor were the observers blinded
to treatments. We first determined isoflurane MAC reduction for the 3 mg kg-1 dose in order to
decide if the next dose should be higher or lower. Third, only 9 chickens were used for the
MAC reduction study with 3 mg kg-1 methadone, and only 3 crossover events were observed.
While, given the small effect observed, and the large interindividual variability, it is unlikely
that studying the 12 chickens and/or obtaining 1–2 additional crossovers would largely change
the results, the MAC reduction reported in this group should be interpreted with caution, as a
minimum of 4 crossovers has been recommended for up-and-down studies [19]. In addition, in
this group, the changes in isoflurane concentration from some individuals to the next were
larger than the 0.1 MAC planned, which increases the uncertainty of the MAC estimate. Finally,
the observed effect should not be interpreted as proof that methadone produces analgesia in
chickens, or that a potential analgesic effect would have the same onset or offset as the immobi-
lizing effect [33]. While immobilizing effects induced by drugs are mediated primary in the spi-
nal cord, the analgesic effect of opioids is also mediated from action in higher centers [34].

Conclusions
Methadone, at the dose of 6 mg kg-1 IM, decreased the isoflurane MAC by 30% 15 minutes
after administration in hens. At this dose, in spontaneous ventilated hens, methadone pro-
duced mild respiratory acidosis, decreased heart rate and increased systemic blood pressure,
and occasional cardiac arrhythmias were observed.

Isoflurane and Methadone Anesthesia in Chickens

PLOS ONE | DOI:10.1371/journal.pone.0152546 March 28, 2016 10 / 12



Acknowledgments
The authors would like to thank Dr. Fabio Nelson Gava for helping with the electrocardiogram
interpretation.

Author Contributions
Conceived and designed the experiments: AE RWR. Performed the experiments: AE RWR
DZF SSS CAAV. Analyzed the data: AE BHP RWR. Contributed reagents/materials/analysis
tools: AE CAAV. Wrote the paper: AE RWR BHP DZF SSS CAAV. Obtained the animals: AE
RWR. Obtained permission to use the laboratory: AE CAAV. Donated the animals after the
experiments: RWR.

References
1. Curro TG, Brunson DB, Paul-Murphy JR. Determination of the ED50 of isoflurane and evaluation of the

isoflurane-sparing effect. Vet Surg. 1994; 23: 429–433. PMID: 7839598

2. Paul-Murphy J, Brunson D, Miletic V. Analgesic effects of butorphanol and buprenorphine in conscious
African grey parrots (Psittacus erithacus erithacus and Psittacus erithacus timneh). Am J Vet Res.
1999; 60: 1218–1221. PMID: 10791933

3. Sladky KK, Krugner-Higby L, Meek-Walker E, Heath TD, Paul-Murphy J. Serum concentrations and
analgesic effects of liposome-encapsulated and standard butorphanol tartrate in parrots. Am J Vet Res.
2006; 67: 775–781. PMID: 16649909

4. Escobar A, Valadão CAA, Brosnan RJ, Denicol AC, Flôres FN, Thiesen R, et al. Effects of butorphanol
on the minimum anesthetic concentration for sevoflurane in guineafowl (Numida meleagris). Am J Vet
Res. 2012; 73: 183–188. doi: 10.2460/ajvr.73.2.183 PMID: 22280376

5. Ceulemans SM, Guzman DS, Olsen GH, Beaufrère H, Paul-Murphy JR. Evaluation of thermal antinoci-
ceptive effects after intramuscular administration of buprenorphine hydrochloride to American kestrels
(Falco sparverius). Am J Vet Res. 2014; 75: 705–710. doi: 10.2460/ajvr.75.8.705 PMID: 25061700

6. Kukanich B, Wiese AJ. Opioids. In: Grimm KA, Lamont LA, Tranquilli WJ, Greene SA, Robertson SA,
editors. Veterinary anesthesia and analgesia—The fifth edition of Lumb and Jones. 5th ed. Ames:
Wiley Blackwell; 2015. pp. 207–226.

7. Escobar A, Valadão CAA, Brosnan RJ, Flôres FN, Lopes MCS, Gava FN. Cardiopulmonary effects of
butorphanol in sevoflurane-anesthetized guineafowl (Numida meleagris). Vet Anaesth Analg. 2014; 41:
284–289.

8. Concannon KT, Dodam JR, Hellyer PW. Influence of a mu- and kappa-opioid agonist on isoflurane min-
imal anesthetic concentration in chickens. Am J Vet Res. 1995; 56: 806–811. PMID: 7653892

9. Pavez JC, Hawkins MG, Pascoe PJ, Knych HKD, Kass PH. Effect of fentanyl target-controlled infusions
on isoflurane minimum anaesthetic concentration and cardiovascular function in red-tailed hawks
(Buteo jamaicensis). Vet Anaesth Analg. 2011; 38: 344–351. doi: 10.1111/j.1467-2995.2011.00627.x
PMID: 21672126

10. Kristensen K, Christesen CB, Christrup L. The mu1, mu2, delta, kappa opioid receptor binding profiles
of methadone stereoisomers and morphine. Life Sci. 1995; 56: 45–50.

11. Callahan RJ, Au JD, Paul M, Liu C, Yost CS. Functional inhibition by methadone of N-methyl-D-aspar-
tate receptors expressed in Xenopus oocytes: stereospecific and subunit effects. Anesth Analg. 2004;
98: 653–659. PMID: 14980914

12. Credie RG, Teixeira-Neto FF, Ferreira TH, Aguiar AJ, Restitutti FC, Corrente JE. Effects of methadone
on the minimum alveolar concentration of isoflurane in dogs. Vet Anaesth Analg. 2010; 37: 240–249.
doi: 10.1111/j.1467-2995.2010.00528.x PMID: 20230554

13. Ferreira TH, Steffey EP, Mama KR, Rezende ML, Aguiar AJ. Determination of the sevoflurane sparing
effect of methadone in cats. Vet Anaesth Analg. 2011; 38: 310–319. doi: 10.1111/j.1467-2995.2011.
00618.x PMID: 21627756

14. Abreu M, Aguado D, Benito J, Gomez de Segura I a. Reduction of the sevoflurane minimum alveolar
concentration induced by methadone, tramadol, butorphanol and morphine in rats. Lab Anim. 2012; 46:
200–206. doi: 10.1258/la.2012.010066 PMID: 22750458

15. Rudolff AS, Moens YP, Driessen B, Ambrisko TD. Comparison of an infrared anaesthetic agent analy-
ser (Datex-Ohmeda) with refractometry for measurement of isoflurane, sevoflurane and desflurane
concentrations. Vet Anaesth Analg. 2014; 41: 386–392. doi: 10.1111/vaa.12118 PMID: 24330264

Isoflurane and Methadone Anesthesia in Chickens

PLOS ONE | DOI:10.1371/journal.pone.0152546 March 28, 2016 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/7839598
http://www.ncbi.nlm.nih.gov/pubmed/10791933
http://www.ncbi.nlm.nih.gov/pubmed/16649909
http://dx.doi.org/10.2460/ajvr.73.2.183
http://www.ncbi.nlm.nih.gov/pubmed/22280376
http://dx.doi.org/10.2460/ajvr.75.8.705
http://www.ncbi.nlm.nih.gov/pubmed/25061700
http://www.ncbi.nlm.nih.gov/pubmed/7653892
http://dx.doi.org/10.1111/j.1467-2995.2011.00627.x
http://www.ncbi.nlm.nih.gov/pubmed/21672126
http://www.ncbi.nlm.nih.gov/pubmed/14980914
http://dx.doi.org/10.1111/j.1467-2995.2010.00528.x
http://www.ncbi.nlm.nih.gov/pubmed/20230554
http://dx.doi.org/10.1111/j.1467-2995.2011.00618.x
http://dx.doi.org/10.1111/j.1467-2995.2011.00618.x
http://www.ncbi.nlm.nih.gov/pubmed/21627756
http://dx.doi.org/10.1258/la.2012.010066
http://www.ncbi.nlm.nih.gov/pubmed/22750458
http://dx.doi.org/10.1111/vaa.12118
http://www.ncbi.nlm.nih.gov/pubmed/24330264


16. Sonner JM. Issues in the design and interpretation of minimum alveolar concentration (MAC) studies.
Anesth Analg. 2002; 95: 609–614. PMID: 12198046

17. Laster MJ, Liu J, Eger EI, Taheri S. Electrical stimulation as a substitute for the tail clamp in the determi-
nation of minimum alveolar concentration. Anesthesia and analgesia. 1993. pp. 1310–1312. PMID:
8498669

18. Mama KR, Wagner AE, Parker DA, Hellyer PW, Gaynor JS. Determination of the minimum alveolar
concentration of isoflurane in llamas. Vet Surg. 1999; 28: 121–125. PMID: 10100767

19. DixonWJ. The up-and-downmethod for small samples. J Am Stat Assoc. 1965; 60: 967–978.

20. Martin-Jurado O, Vogt R, Kutter APN, Bettschart-Wolfensberger R, Hatt J. Effect of inhalation of isoflur-
ane at end-tidal concentrations greater than, equal to, and less than the minimum anesthetic concentra-
tion on bispectral index in chickens. Am J Vet Res. 2008; 69: 1254–1261. doi: 10.2460/ajvr.69.10.1254
PMID: 18828679

21. Ludders JW, Mitchell GS, Rode J. Minimal anesthetic concentration and cardiopulmonary dose
response of isoflurane in ducks. Vet Surg. 1990; 19: 304–307. PMID: 2382400

22. Mercado JA, Larsen RS, Raymund F, Pypendop BH. Minimum anesthetic concentration of isoflurane in
captive thick-billed parrots (Rhynchopsitta pachyrhyncha). Am J Vet Res. 2008; 69: 189–194. doi: 10.
2460/ajvr.69.2.189 PMID: 18241014

23. Kim YK, Lee SS, Suh H, Lee L, Lee HC, Lee HJ, et al. Minimum anesthetic concentration and cardio-
vascular dose—response relationship of isoflurane in cinereous vultures (Aegypius monachus). J Zoo
Wildl Med. 2011; 42: 499–503. PMID: 22950326

24. Chan F, Chang G, Wang H, Hsu T. Anesthesia with isoflurane and sevoflurane in the crested serpent
eagle (Spilornis cheela hoya): minimum snesthetic concentration, physiological effects, hematocrit,
plasma chemistry and behavioral rffects. Wildl Sci. 2013; 75: 1591–1600.

25. Botman J, Dugdale A, Gabriel F, Vandeweerd J. Cardiorespiratory parameters in the awake pigeon
and during anaesthesia with isoflurane. Vet Anaesth Analg. 2015; 1–9.

26. Riggs SM, Hawkins MG, Craigmill AL, Kass PH, Stanley SD, Taylor IT. Pharmacokinetics of butorpha-
nol tartrate in red-tailed hawks (Buteo jamaicensis) and great horned owls (Bubo virginianus). Am J Vet
Res. 2008; 69: 596–603. doi: 10.2460/ajvr.69.5.596 PMID: 18447789

27. Keller DL, Guzman DS, Klauer JM, Kukanich B, Barker SA, Fernández JR, et al. Pharmacokinetics of
nalbufine hydrochloride after intravenous and intramuscular administration to Hispaniolan Amazon par-
rots (Amazona ventralis). Am J Vet Res. 2011; 72: 741–745. doi: 10.2460/ajvr.72.6.741 PMID:
21627518

28. Campagnol D, Teixeira-Neto FJ, Peccinini RG, Oliveira FA, Alvaides RK, Medeiros LQ. Comparison of
the effects of epidural or intravenous methadone on the minimum alveolar concentration of isoflurane in
dogs. Vet J. 2012; 192: 311–315. doi: 10.1016/j.tvjl.2011.08.019 PMID: 21962818

29. Pert CB, Snyder SH. Phylogenetic distribution of opiate receptor binding. Brain Res. 1974; 75: 356–
361. PMID: 4152283

30. Hellebrekers LJ, van den BromWE, Mol JA. Plasma arginine vasopressin response to intravenous
methadone and naloxone in conscious dogs. J Pharmacol Exp Ther. 1989; 248: 329–333. PMID:
2913278

31. Steinmetz HW, Vogt R, Ka S, Riond B, Hatt J. Evaluation of the i-STAT portable clinical analyzer in
chickens (Gallus gallus). J Vet Diagnostic Investig. 2007; 19: 382–388.

32. Escobar A, Thiesen R, Vitaliano SN, Belmonte EA, Werther K, Valadão CAA. Cardiorespiratory effects
of isoflurane anesthesia in crested caracaras (Caracara plancus). J ZooWildl Med. 2011; 42: 12–17.
PMID: 22946364

33. Brosnan RJ, Pypendop BH, Siao KT, Stanley SD. Effects of remifentanil on measures of anesthetic
immobility and analgesia in cats. Am J Vet Res. 2009; 70: 1065–1071. doi: 10.2460/ajvr.70.9.1065
PMID: 19719420

34. Sonner JM, Antognini JF, Dutton RC, Flood P, Gray AT, Harris RA, et al. Inhaled anesthetics and immo-
bility: mechanisms, mysteries, and minimum alveolar anesthetic concentration. Anesth Analg. 2003;
97: 718–740. PMID: 12933393

Isoflurane and Methadone Anesthesia in Chickens

PLOS ONE | DOI:10.1371/journal.pone.0152546 March 28, 2016 12 / 12

http://www.ncbi.nlm.nih.gov/pubmed/12198046
http://www.ncbi.nlm.nih.gov/pubmed/8498669
http://www.ncbi.nlm.nih.gov/pubmed/10100767
http://dx.doi.org/10.2460/ajvr.69.10.1254
http://www.ncbi.nlm.nih.gov/pubmed/18828679
http://www.ncbi.nlm.nih.gov/pubmed/2382400
http://dx.doi.org/10.2460/ajvr.69.2.189
http://dx.doi.org/10.2460/ajvr.69.2.189
http://www.ncbi.nlm.nih.gov/pubmed/18241014
http://www.ncbi.nlm.nih.gov/pubmed/22950326
http://dx.doi.org/10.2460/ajvr.69.5.596
http://www.ncbi.nlm.nih.gov/pubmed/18447789
http://dx.doi.org/10.2460/ajvr.72.6.741
http://www.ncbi.nlm.nih.gov/pubmed/21627518
http://dx.doi.org/10.1016/j.tvjl.2011.08.019
http://www.ncbi.nlm.nih.gov/pubmed/21962818
http://www.ncbi.nlm.nih.gov/pubmed/4152283
http://www.ncbi.nlm.nih.gov/pubmed/2913278
http://www.ncbi.nlm.nih.gov/pubmed/22946364
http://dx.doi.org/10.2460/ajvr.70.9.1065
http://www.ncbi.nlm.nih.gov/pubmed/19719420
http://www.ncbi.nlm.nih.gov/pubmed/12933393



