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Summary

Preoperative analgesics are being increasingly used to provide analgesia in the intraoperative
and postoperative period. Opioids reduce anaesthetic requirements, although the effect varies
with the different drug and species. The aim of this work was to determine whether
buprenorphine reduces the minimum alveolar concentration (MAC) of isoflurane in a dose-
related fashion, and whether this effect is similar to morphine when clinical doses of both
drugs are used in the rat. Thirty-six male Wistar rats were anaesthetized with isoflurane, and
MAC was determined before and after the administration of either buprenorphine or
morphine. MAC of isoflurane was determined from alveolar gas samples when a standard
noxious stimulus, in the form of a tail clamp, was applied. The duration and degree of
reduction of the MAC of isoflurane were recorded. Basic cardiovascular and respiratory
measurements were also recorded. Buprenorphine (10, 30 and 100 Ilg/kg) and morphine (1, 3
and 10 mg/kg) reduced in a dose-dependent fashion the MAC of isoflurane by 15%,30% and
50%, respectively. Buprenorphine resulted in less cardiovascular and respiratory depression
and had a longer-lasting action than morphine. In conclusion, buprenorphine has a dose-
related isoflurane sparing effect in the rat similar to that caused by morphine at clinical doses
of both drugs.

Keywords Inhalation anaesthesia; isoflurane; opioids; buprenorphine; rat; minimum
alveolar concentration reduction

Analgesic therapy during surgery should be
considered as a routine procedure with
laboratory animals, as proper anaesthesia and
analgesia is a key factor in the refinement of
any surgical technique. Knowledge of the
interactive effects between opioids and
inhalant anaesthetics will contribute to
minimize their impact on research results,
and therefore, to an increase in their use to
provide analgesia in the perioperative period.

The anaesthetic potency of volatile anaes-
thetics is generally measured by the mini-
mum steady-state alveolar anaesthetic
concentration (MAC) required to suppress
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response in 50% of patients to a standard
noxious stimulus. This measure of potency
can be used to indirectly assess the anaes-
thetic effect of non-volatile agents by deter-
mining the action on the MAC of the volatile
anaesthetics.

Opioids are known to reduce the MAC of
inhalation anaesthetics in animals and
humans (Hecker et al. 1983, Lake et al. 1985,
Sebel et al. 1992). Morphine is one of the
most widely used opioids, and its anaesthetic
sparing effect in different species is well
known (Murphy & Hug 1982, Lake et al.
1985, Steffey et al. 1994). Buprenorphine is a
long-acting partial opioid-agonist analgesic.
Because of its analgesic potency and long
duration of action, buprenorphine is suitable
for postoperative analgesia (Kay 1978, Leese
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et al. 1988).The negative behavioural effects
of surgery in rats, [i.e. reductions in food and
water consumption, body weight loss and
decreased locomotor activity), can be sub-
stantially reduced by buprenorphine admin-
istration (Liles & FlecknellI993). It has been
recently shown that the use of preoperative
buprenorphine reduces halothane MAC and
attenuates haemodynamic responses to tra-
cheal intubation and surgical incision in
humans (Inagaki & Kuzukawa 1997).The
present study was undertaken to determine
whether buprenorphine reduces isoflurane
MAC (MACISO) and whether or not this
effect conforms to a dose-related pattern, and
to compare this action with that of morphine
when clinical doses of both drugs are used in
the rat.

Material and methods
All procedures were performed after obtain-
ing our Hospital Institutional Animal Care
Committee approval and met with European
regulations on animal experimentation.
Thirty-six male Wistar rats [CRIFFA,Barce-
lona, Spain)weighting 331 (49)gwere housed
in groups of eight to 10 in the colony room,
with 12 h light-12 h dark cycle, relative
humidity of 50-70%, 20±2°C temperature,
and food (B/KUniversal) and water available
ad libitum. The animals were allowed to
acclimatize for at least one week before the
start of the experimental procedures. All the
studies were performed during the morning
(from 09:00 h). A reduction of MACISO in
response to intravenous buprenorphine or
morphine alone was examined. Isoflurane
was obtained from Abbott Laboratories (For-
ane, Madrid, Spain), morphine sulphate from
J. Navarro Laboratories (Morfina, Madrid,
Spain) and buprenorphine from Dr Esteve
Laboratories [Buprex,Barcelona, Spain).

The unmedicated rats were positioned in
an induction chamber into which 5% iso-
flurane in a continuous oxygen flow of
3 l/min was introduced (isoflurane vaporizer;
Ohmeda Isotec 3. BOC Health Care, Steeton,
UK).Two to three minutes later, the inspired
isoflurane concentration (i.e. isoflurane con-
centration measured from the vaporizer out-
let) was set at 2.5-3%. Once the animals
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were anaesthetized, endotracheal intubation
was performed by means of a 14-gaugepoly-
ethylene catheter (Abbot Laboratories, Sligo,
Ireland). The animals were positioned in
dorsal recumbency and a cold light was
applied over the trachea so that the larynx
could be easily observed through the oral
cavity. An otoscope was used to introduce a
flexible wire guide and the endotracheal
catheter into the trachea. The catheter was
previously marked and advanced with the tip
located 3-5 mm cranially to the carina, and
connected to a T-piece of a minimum dead
space (< 0.2 mIl. The proper catheter posi-
tion of the first animals was checked at the
end of the study and randomly thereafter.
Oxygen fresh gas flow through the T piece
was adjusted to II/min and isoflurane con-
centration was adjusted as necessary follow-
ing anaesthetic reflex assessment.

Monitoring
The carotid artery was catheterized with
PESOtubing for arterial blood sampling, and
connected to a pressure transducer. Arterial
blood pressure and electrocardiogram were
recorded continuously (CM-8, Schiller,
Switzerland). Arterial blood gases (Bloodgas
analyser, Statnova profile-I, Nova Biomedi-
cal, Waltham, MA, USA)were measured to
ensure values were within normal limits of
pH, Pa02. and PaC02. (pH: 7.35-7.45,
Pa02 < 95 mmHg and PaC02.:35-47 mmHg).
Samples from the carotid artery were occa-
sionally obtained during MAC assessment,
and always at the end of the study period.
Electrocardiogram trace on lead II was
recorded by placing needle electrodes on the
left and right forelimb and right hindlimb.
The heart rate was calculated from printed
paper records. Rectal temperature was also
monitored and maintained at normothermia
(between 3rc and 38°C) by means of a cir-
culating water warming blanket placed under
the animal (Heat Therapy Pump Model TP-
220, Caymar, Orchand Park, New York,
USA) and, occasionally, by a heating light
placed above the surgical area. Inspired iso-
flurane concentration was further decreased
to 1.5%, a value close to the average MACISO
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for rats before the first MACISO determina-
tion.

Determination of the minimum alveolar
concentration
Intratracheal gas sampling was used to mea-
sure the anaesthetic gas concentration for
determination of MAC (from here onwards
referred to as 'alveolar isoflurane concentra-
tion'l. This method has been described in
detail elsewhere (Pajewski et al. 1996). In
brie( a fine catheter (epidural catheter, mod
100/383/118 Portex, Hythe, UKL0.9 mm in
external diameter, was inserted through the
endotracheal catheter with the tip at the
level of the carina. The proximal end of the
catheter was connected to a 10 ml gas-tight
glass syringe (Gastight #lOlOSL,Hamilton,
Reno, Nevada, USA). Sampling was obtained
by withdrawing 10 ml gas over a 5 min per-
iod, using a Harvard infusion-withdraw
pump (Harvard Apparatus, Millis, Massa-
chusetts, USA). Samples were taken in tri-
plicate to ensure constant alveolar
concentration, and the final value was the
average for each isoflurane concentration
step. After each step change in the anaes-
thetic concentration delivered by the anaes-
thetic circuit, at least 15 min were allowed
for equilibration before new gas samples were
taken (Eger et al. 1965).The average time
elapsed between two consecutive isoflurane
alveolar concentration determinations was
approximately 30 min. Gas samples were
assayed using a side-stream infrared analyser
(Ohmeda 5330 Agent Monitor, Steeton, West
Yorkshire, UK) which was calibrated before
each experiment using standard calibration
gases provided by the manufacturer.

Baseline MACISo value was established
according to the method described by Egeret
al. /1965). A painful noxious stimulus was
applied with a long haemostat [8 inch
Rochester Pean Haemostatic Forceps)
clamped to the second ratchet lock on the tail
for 60 seconds. At the same time the third gas
sample was obtained from the lung. The tail
was always stimulated proximal to a pre-
vious test site. A positive response was con-
sidered to have been made when a gross
purposeful movement of the head, limbs
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and/or body was observed, whereas a nega-
tive response was determined by the lack of
movement or grimacing, swallowing, chew-
ing or tail flick.

The alveolar isoflurane concentration was
then reduced in decrements of 0.1% to 0.15%
until the negative response became positive.
MACISO was considered to be the con-
centration midway between the highest
concentration that permitted movement in
response to the stimulus and the lowest
concentration that prevented movement.
MACISO was determined for all the animals.

Drug groups
N-query advisor programme (N query advisor
2.0, Statistical solutions. Saugus, MA, USAI
was used to determine the n value from pre-
viously published data [Gomez de Segura et
al. 1998).The n value was obtained assuming
a one-way analysis of variance. A minimum
of three animals per group were used. When
the sample size in each of the three groups is
six, a one-way analysis of variance will have
> 90% power to detect at the 0.050 level a
difference in means based on previous data
characterized by a variance ofmeans of 0.050.
This assumes that the common standard
deviation is 0.140, and is derived from data
from the same study (Gomez de Segura et al.
1998).A value of six animals per group was
considered adequate, and also allowed us
further comparisons.

Animals were randomly assigned to six
groups of six animals (n =6). All animals
within a group received the same dosage of
drug. Doses of 10, 30 and 100 Jlg/kg of
buprenorphine and 1, 3 and 10 mg/kg of
morphine were used.

Experimental design
After the animals were anaesthetized and
instrumented, baseline, unmedicated
MACISO was determined in each animal (i.e.
each animal acted as its own reference).
Thereafter a dose of either buprenorphine or
morphine was administered. Opioids were
given intravenously into the tail vein by
means of a 24-gaugepolyethylene catheter
(Abbot Laboratories, Sligo, Ireland). They
were always given over a 3-5 min period in
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order to reduce cardiovascular and respira-
tory depressant effects that occur when
opioids are given faster. Thirty minutes after
drug administration, MACrso+drugwas
obtained by decreasing isoflurane concentra-
tion as described above. MACrso was re-
assessed until it regained the baseline value.
Total duration of MACrso reduction
(MACrso reduction time) after opioid
administration was defined as the time in
minutes that MACrso took to regain the
baseline pre-drug value in each rat (i.e. the
time point when a positive response to the
noxious stimulus was obtained at the same
maximum isoflurane alveolar concentration
as that of the MACrso value in the unmedi-
cated rat). Also the Peak MAC1SO reduction
time was defined as the time in minutes at
which maximum MACrso reduction was
noted. Minute zero of the 'MAC reduction
time' and 'Peak MACrso reduction time' was
set at the time of morphine/buprenorphine
i.v. administration (Fig 1).

Drug dose selection
The doses used were based on clinically used
doses of buprenorphine and morphine in the
rat (Flecknelll996, Kohn et a1. 1997).To
facilitate comparisons, a similar dose step
change (logarithmicl was performed in both
groups (buprenorphine 10,30, 100 Ilg/kg, and
morphine 1, 3, 10 mg/kgl.

Side effects
The effects of drug administration on heart
and respiratory rates were continuously
monitored but only recorded immediately
before each MAC step determination. In all
cases, heart and respiratory rates were
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Fig 1 The experimental design
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recorded 30 min after drug administration,
when the widest variations in both para-
meters, compared with baseline values, were
found. Changes in arterial blood pressure
caused by drug bolus administration were
also recorded.

Statistical analysis
Data are expressed as mean JSD).All vari-
ables were tested to ensure that they fulfilled
the requirements of normal distribution
(One-sample Kolmogorov-Smirnov test,
SPSS8.0) and homogenicity of variances
(Levene test, SPSS8.0).This allowed the use
of the ANOVA test. To demonstrate the
hypothesis that buprenorphine would pro-
duce a dose-related MACrso reduction, one-
way (dose)ANOVAwith linear contrast was
performed. A similar test was performed for
morphine. Post hoc Tukey's test was used in
both cases for multiple comparisons between
doses. To test the hypothesis that clinically
similar doses (lowest, medium and highest)
of both drugs would have a similar effect on
MACrso, two-way ANOVA (drug and dose)
with nested effects was applied to the data
with contrast ad hoc for dose (SASGeneral
Linear Model with nested effects). A P
value < 0.05 was set to indicate statistical
significance. The statistical analysis was
performed with the SASstatistical package
(vs 6.12 for Windows, SASInstitute Inc, SAS
Campus Drive, Cary NC, USA), and with the
SPSSprogram (SPSSfor Windows, ReI. 8.0.0,
SPSSInc., Chicago, IL, USA).

Results
MACrso and MAC1SO reduction (%)
The average baseline MACrso value deter-
mined in all the rats was 1.35% (0.10%).
Morphine and buprenorphine reduced
MACrso in a linear dose-dependent fashion
(P < 0.0001). For the low and medium doses
of buprenorphine and morphine studied, no
differences in anaesthetic potency were
found, i.e. the lowest doses of either drug
reduced MACrso by 15% (P=0.52), and the
medium doses by 30% (P =0.59).The highest
doses of both drugs reduced MACrso by 50%
(P=0.06), but these two groups fell close to
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the significant P value, and further data are
needed to demonstrate whether they are
equal or not (Fig2). The power demonstrated
for all the comparisons between the three
levels of both drugs was less than 80% and
did not allow us to reject the null hypothesis,
i.e. with the number available, we cannot
make any statement about the equipotency
of buprenorphine and morphine. Individual
group MACrso values and those following
opioid administration are shown in Table 1. 10 30 100

Criado et al.

10

Buprenorphine (~Q!l<g) Morphine (mgl kg)

Duration of MAC1SO reduction
MACrso reduction time proved dose-depen-
dent for both drugs. Buprenorphine caused a
significant longer-lasting effect at each dose
level than morphine. Peak MACrso reduction
time also proved dose-dependent for both
drugs, by the order of 62% (range 52-72%) of

Fig 2 Percentage of isoflurane minimum alveolar
concentration (MAC) reduction after administration
of buprenorphine (10. 30. and 100 /lgjkg) or mor-
phine (1. 3. and 10 mgjkg) given intravenously. Data
are expressed as mean (SD); n = 6 animals per group.
No significant differences were found within all
groups considered (P < 0.05), with the exception of
morphine 1 mg/kg and morphine 3 mg/kg

Table 1 Baseline (MAC1so) and post-drug, morphine or buprenorphine. (MAC1so+drug)minimum
alveolar concentration of isoflurane. Data are expressed as mean (SD)

Morphine Morphine Morphine Buprenorphine Buprenorphine Buprenorphine
1 mgjkg 3 mgjkg 10 mgjkg 10/lgjkg 30/lg/kg 100/lgjkg
(n=6) (n=6) (n=6) (n=6) (n=6) (n=6)

MAClso (%) 1.39 (0.08) 1.38 (0.09) 1.39 (0.10) 1.36 (0.08) 1.28 (0.11) 1.29 (0.08)
MAClso+drug(%) 1.16 (0.12) 0.97 (0.14) 0.62 (0.12) 1.17 (0.11) 0.93 (0.17) 0.69 (0.18)

Table 2 Duration in minutes of isoflurane minimum alveolar concentration (MAC1so) reduction in rats given
morphine or buprenorphine. Data are expressed as mean (SD)

Morphine Morphine Morphine Buprenorphine Buprenorphine Buprenorphine
1 mg/kg 3 mgjkg 10 mgjkg 10/lg/kg 30/lg/kg 100/lg/kg
(n=6) (n=6) (n=6) (n=6) (n=6) (n=6)

MAClso reduction time (min) 102 (25) 116 (23) 182 (33) 146 (35) 233 (22) 270 (32)
Peak MAClso reduction time (min) 60 (8) 84 (19) 126 (27) 76 (54) 139 (35) 160 (21)

Table 3 Pairwise comparisons between MAClso reduction times

Morphine
1 mg/kg
(n=6)

Morphine
3 mgjkg
(n=6)

Morphine
10 mg/kg
(n=6)

Buprenorphine
10/lgjkg
(n=6)

Buprenorphine
30/lgjkg
(n=6)

Morphine 3 mg/kg ns
Morphine 10 mg/kg P<0.05 P<0.05
Buprenorphine 10 /lg/kg P<0.05 ns P<0.05
Buprenorphine 30 /lg/kg P<0.05 P< 0.05 P<0.05 P<0.05
Buprenorphine 100 /lgjkg P<0.05 P< 0.05 P<0.05 P<0.05 ns

ns= no significant differences between MAClsoreduction times were found; P < 0.05=differences between
MAClso reduction times, with a significance level P < 0.05 were found
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Table 4 Pairwise comparisons between Peak MAClso reduction times
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Morphine
1 mg/kg
(n=6)

Morphine
3 mg/kg
(n=6)

Morphine
10 mg/kg
(n=6)

Buprenorphine
10 ~g/kg
(n=6)

Buprenorphine
30 ~g/kg
(n=6)

Morphine 3 mg/kg ns
Morphine 10 mg/kg P<0.05 P<0.05
Buprenorphine 10 ~g/kg ns ns P<0.05
Buprenorphine 30 ~g/kg P<0.05 P<0.05 ns P<0.05
Buprenorphine 100 ~g/kg P<0.05 P<0.05 ns P<0.05 ns

ns= no significant differences between Peak MAC,so reduction times were found; P < 0.05=differences
between PeakMAC,soreduction times, with a significance level P < 0.05 were found

the total MACrso reduction for each group
(Tables 2, 3 and 4).

Side effects

Cardiovascular effects A drop in arterial
blood pressure was observed immediately
after the intravenous administration of both
morphine and buprenorphine. With the
numbers available, no differences could be
found in the percentage of peak reduction in
mean arterial blood pressure for both drugs,
regardless of the doses used. Compared with
buprenorphine, morphine caused a more
marked (two-fold)peak decrease in mean
arterial blood pressure IF < 0.001, Fig 3).
Heart rate decreased 30 min after opioid

administration (F < 0.001) in all groups
except for those with the lowest dose of
buprenorphine (10 !lg/kg).With the numbers
available, no differences in heart rate were
found between the other groups (reduction
range: 11-23%1.
Respiratory effects Apnoea was present in
one rat receiving 100 J..Lg/kgof buprenor-
phine, whereas morphine resulted in apnoea
with all the doses used: one rat receiving
1 mg/kg, two rats 3 mg/kg, and three
10 mg/kg. Apnoea lasted some 5 min and
animals were ventilated until spontaneous
breathing returned. Respiratory rates
decreased 30 min after opioid administration
(F < 0.001) in all animals. With the numbers
available, no differences in respiratory rates
were found between groups (reduction range:
15-34%).

Fig 3 Percentage of peak mean arterial pressure
(MAP) reduction after administration of either
buprenorphine (10. 30. and 100 ~g/kg) or morphine
(1, 3. and 10 mg/kg) intravenously. Data are
expressed as mean (SD); n =6 animals per group. No
significant differences were observed within drug
groups
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Discussion
Buprenorphine and morphine caused a dose-
related reduction of MACrsoi and with the
numbers available, no differences could be
found when the low, medium and high levels
of both drugs were compared. Both drugs
caused cardiovascular and respiratory
depression, although buprenorphine had the
advantage of giving rise to fewer cardiovas-
cular and respiratory side effects than mor-
phine, in addition to having a longer-lasting
action. The maximum depressant effects
were found to occur immediately after
intravenous opioid administration, which
suggests that alternative routes, e.g. sub-
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cutaneous or intraperitoneal, should be
employed clinically.

Opioid agonists are commonly recom-
mended for pre-anaesthetic medication and
for perioperative and postoperative pain in
laboratory animals (Kohn et a1. 1997). Pre-
operative opioid administration can control
pain better than when given postoperatively.
This effect is referred to as pre-emptive
analgesia, and has been demonstrated in both
animals (Woolf & Wall 1986, Dickenson &
Sullivan 1987) and humans (Katz et a11992),
with pain experienced after an injury being
very much less when opioids have been
administered before the noxious stimulus
application. The disadvantages of opioids,
and probably also the reasons for their less
frequent use, include the need for careful
record keeping due to their narcotic nature,
their relatively short duration of action and
potential respiratory depression.

Buprenorphine has several advantages over
pure Il-receptor opioids like morphine. The
unremarkable respiratory depression asso-
ciated with buprenorphine may provide
safety in the postoperative period in contrast
to other narcotics. In addition, buprenor-
phine has also been shown to have a pro-
longed duration of analgesic effect (Heel et a1.
1979, Kay 1980, Abbot & Bonder 1997) which
may extend over the postoperative period. In
the present study, the anaesthetic sparing
effect of buprenorphine in rats was of less
duration, in a dose-dependent fashion, than
that described concerning its analgesic effect
(Heel et a1. 1979). Other potential benefits
include a wide safety margin before overdose
(Rance 1979), and a low abuse potential
(Jasinski et a1. 1978).

Earlier studies have shown that the
analgesic potency of buprenorphine is similar
(Kay 1978) or higher (Leeseet a1. 1988) to that
of morphine, and it has been shown to be as
potent as fentanyl for providing adequate
analgesia for major abdominal surgery in
humans (Kay 1980). Buprenorphine can pro·
vide sedation but there is some controversy
about the extent of this (Mcquillan 1976,
Kay 1980). The difference between the dura-
tion of analgesia in conscious rats (Cowan et
a1. 1977), and the reduction of the anaesthetic
requirements may be a function of both the
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analgesic and sedative effects of buprenor-
phine.

The interaction between opioids and dif-
ferent inhalational agents is well established.
Up to 90% halothane MAC reduction was
found with sufentanil in rats (Hecker et a1.
1983), whereas only 48% was achieved with
alfentanil (Lake et a1. 1985). Morphine
decreases MAC of various inhalation anaes-
thetics. The reduction in halothane require-
ments after morphine administration were
found to be biphasic, with a rapid linear
increase occurring with up to 8 mg/kg mor-
phine, followed by a further, slower reduc-
tion in halothane requirements after doses of
8-20 mg/kg (Lake et a1. 1985). In the later
study a 20 mg/kg dose reduced the halothane
MAC to approximately 84%. In dogs a pro-
gressive decrease in enflurane MAC was
found, with incremental intravenous bolus
doses of morphine up to 5 mg/kg where a
63% reduction in MAC occurred (Murphy &
Hug 1982). A reduction in halothane MAC
has been demonstrated when preoperative
buprenorphine is given to human patients
undergoing surgery (Inagaki & Kuzukawa
1997).

Buprenorphine has a known ceiling effect,
with further increases in drug dose not
reducing the anaesthetic requirements. In the
present study both morphine and buprenor-
phine caused a dose-dependent reduction in
MAC,so, achieving a peak of 50% and 46.5%,
respectively. Doses up to 500 Ilg/kg have
been previously reported to provide analgesia
in the rat (Abbot & Bonder 1997). It is
unknown whether doses between 100 Ilg/kg
and 500 Ilg/kg would further increase the
MAC,so reduction found in our study, or
whether a ceiling effect would be found.

In conclusion, our study points out a dose-
related reduction of MAC,so by buprenor-
phine. The use of intraoperative opioids
reduces cardiovascular and respiratory
depressant effects caused by higher doses of
inhalant anaesthetics when given alone. The
anaesthetic sparing effect of buprenorphine
in the rat was similar to that seen with
morphine when equipotent doses were given,
but was longer lasting. These results encou-
rage routine perioperative buprenorphine in
isoflurane anaesthesia in the rat.
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