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Investigation of the antinociceptive activity of
buprenorphine in sheep
A. Nolan,' A. Livingston & *A.E. Waterman

Departments ofPharmacology and *Veterinary Surgery, University of Bristol, Bristol BS8 lTD

1 Buprenorphine given intravenously (6 pg kg-') was examined for its antinociceptive activity in
unrestrained sheep using devices to measure thermal and mechanical thresholds
2 The plasma levels of buprenorphine following intravenous injection over the time period of the
antinociceptive testing were measured using a radioimmunoassay.
3 Buprenorphine produced a clear antinociceptive effect lasting for up to three and a halfhours when
measured by the thermal threshold test, but no detectable antinociception in the mechanical test.
4 The plasma levels ofbuprenorphine indicated that the drug was rapidly distributed in a manner not
dissimilar to that reported in man, although individual animals showed a wide variation in some
parameters.
5 When plasma levels of the drug were high (<700 pg ml') during the first sixty minutes, no

antinociceptive activity in the thermal test could be detected, which may be due to the slow receptor
kinetics shown by this drug.

Introduction

Most studies on the antinociceptive actions of opioids
have been restricted to laboratory animals and man,
although Pippi & Lumb (1979) and Kammerling et al.
(1985, 1986) have examined their actions in horses.

In this study we used the sheep as an experimental
animal and have compared the effects of buprenor-
phine on a thermal threshold stimulus and a mechan-
ical pressure threshold stimulus.
The threshold stimuli were measured using a device

which applied a ramped thermal stimulus to the pinna
of the ear and one which produced a ramped increase
in pressure via a mechanically driven pin which
pressed against the anterior aspect of the radius. Both
devices have been shown to produce a reliable series of
values for nociceptive thresholds that do not vary with
repeated stimuli, even if these are near maximal, and
are not affected by sedation (Nolan et al., 1987).

In addition the time course of the antinociceptive
actions of buprenorphine was assessed in conjunction
with the plasma levels of the drug using a sensitive
radioimmunoassay. The techniques of assaying
plasma buprenorphine using gas liquid chromatogra-
phy (Blom & Bondesson, 1985; Cone etal., 1985) were
not sufficiently sensitive for the measurements in
sheep and so a radioimmunoassay based on that
described by Bartlett et al. (1980) was used to estimate
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the plasma levels. The nature of the spectrum of
receptor activity of buprenorphine has been rather
contentious, and whilst it has been generally agreed
that the drug may affect both ft and K sites, the nature
of the effects in terms of agonism and antagonism is
less clear (Richards & Sadee, 1985).

Methods

Animals

Twelve adult female clun-cross ewes were used in the
experiments. They were kept either at grass or housed
and fed hay ad libitum depending on seasonal condi-
tions. The animals weighed between 50 and 70 kg and
were accustomed to handling. The techniques for
measuring thermal and mechanical nociceptive thre-
sholds have been described elsewhere (Nolan et al.,
1987).

Drug protocols

A series of control readings were taken 15 to 30 min
apart before the injection of any drugs.

Thermal testing Buprenorphine (6 fig kg-' i.v.) was
given alone to seven sheep and tests carried out for
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between 120 and 300 min. In two animals naloxone
(0.2 mg kg-' i.v.) was injected 5 min before the bupren-
orphine (6 Lgkg-'i.v.) and testing carried out for
120 min.

Mechanical testing Buprenorphine (6 gg kg-' i.v.) was
given to five sheep and tests were carried out for
150 min, in addition one animal was dosed with
3 ttg kg-' i.v. In two animals naloxone (0.2mg kg-'
i.v.) was given 5 min before buprenorphine (6 gg kg-'
i.v.) and readings taken for 120 min, the injection of
naloxone was then repeated and xylazine (50 gg kg-'
i.v.) injected 5 min later and readings taken at 5, 15 and
30 min.

All drugs were washed in to a total volume of 10 ml
with sterile 0.9% saline.

Assay of buprenorphine

Blood samples were taken under sterile conditions
from the jugular vein via a 14 gauge cannula. Five ml
samples were collected into heparinized syringes in the
control period before injection of buprenorphine
(6 ggkg-'i.v.) and at intervals up to 360min after
injection. Each sample was mixed and transferred to
glass tubes which were refrigerated until centrifuga-
tion at l000g for 20 min. The resulting plasma was
frozen and stored at - 20'C until assayed.

Antiserum

The antibody used in the present studies was a
generous gift from Reckitt and Colman, Hull. Details
of characterization and preparation of the antiserum
are given in Bartlett et al. (1980) along with informa-
tion concerning cross-reactivity of the antiserum. The
antibody used in the studies described here (L162)
corresponded to L3 1 described by the above workers.
The antibody was raised by immunization of rabbits
with N-hemisuccinylbuprenorphine conjugated to
bovine serum albumin. The antiserum was highly
specific for buprenorphine and its N-dealkylated
metabolite, but showed little affinity for the glucuron-
ide metabolite.

Assay procedure

The assay method used was a modification of the
method published by Bartlett et al. (1980). For every
assay, a standard curve was constructed using
amounts of buprenorphine varying from 1.95 to
8,000.0 pg per assay tube.

Each point on the standard curve was assayed in
duplicate and samples were assayed in triplicate. For
each set of samples, two were randomly chosen and 3
different dilutions, in a final volume of 200 gIl, were
assayed, each one a single determination, to check for

parallelism with the standard curve.
Five hundred il of diluted [3H]-buprenorphine

(400 gld stock made up to 40 ml with phosphate buffer)
were pipetted into each assay tube followed by: 30%
methanol (100 1i), plasma (2001il) and 100pl ant-
iserum (1:1600), to give a final dilution of 1:14,400 in a
total assay volume of 900 gd; this final antiserum
dilution had been previously estimated to yield 50%
binding of ligand to antibody. For preparation of the
standard curve, 80 gd methanol (30%) and varying
concentrations of buprenorphine (each contained in
20gl) were added to each tube followed by 200 gd of
control plasma and finally 1001ld antiserum (1:1600).
Non-specific binding was determined by omitting
antiserum and 'cold' buprenorphine from the tubes
and replacing these with a saline/chlorhexidine solu-
tion. Maximum binding was determined in the
absence of any displacing 'cold' buprenorphine. (In
these tubes methanol (30%) was substituted). All
assay tubes were vortexed and then left at room
temperature for 2 h. Separation of bound and free
[3H]-buprenorphine was carried out using a dextran/
charcoal suspension. The supernatants were then
transferred to a liquid scintillation counter.

Pharmacokinetic analyses

Plasma concentrations of buprenorphine following
intravenous injection were analysed using computer
programmes for bi- and tri-exponential decay proces-
ses (Barlow, 1983). These programmes are based on
the equations describing double and triexponential
decays respectively.

C = Ae-' + Be-t
Ct = Pe-, + Ae't + Be-Pt

where Cp, Ct are concentrations of the drug in plasma
at time t, a, ,, x = rate constants for a given exponen-
tial process and A, B, P = concentration ofthe drug at
time 0, i.e. maximum concentration for each exponen-
tial. The half-time (t1) for each exponential, decay
describes the time taken for the concentration to fall
by a half; it is constant at any part of the curve and can
be expressed by ti = 0.693/k. The computer
programme estimates the half-lives of each exponen-
tial process mathematically from the rate constants
(k = rate constant). Other terms used in the descrip-
tion of pharmacokinetic analysis are defined as
follows: tie = distribution half-time (min).
too = elimination half-time, also known as the half-life
of the drug (min). Vd(area) = specific apparent volume
of drug distribution based on the total area under the
concentration vs time curve = Dose/A/x + B.I3/P
(I kg-'). Vc = specific volume of the central compart-
ment (I kg- '). Cl, = body clearance of a drug =
P.Vd(ar) i.e. the volume of blood cleared of a drug per
unit time measured in ml kg-' min-'.
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Drugs used

Buprenorphine HCO (Temgesic; Reckitt & Colman),
xylazine HCl (Rompun; Bayer), and naloxone HCl
(Endo Laboratories).

Statistical analysis

The nociception data were examined using the Chi
squared test, since the imposition of the maximum
value rendered the data non-parametric. An effect was
valued as different when it was two standard devia-
tions from the mean pre-test values, and results were
judged to be significantly different when a value of
P< 0.05 was obtained.

Results

Thermal nociceptive testing

Buprenorphine (6 pg kg-') gradually raised the tem-
perature at which a response was evoked from
55.6 ± 1.20C to the maximum (70'C) after 45 min. The
temperature at which the sheep responded fell slowly
from this time onwards but remained elevated for
210min before returning to control values after
240 min (Figure 1). This prolonged elevation in
nociceptive threshold was abolished for at least
120 min by pretreatment with naloxone (0.2mg kg-')

070
+,> 65

60
E

+) 55

o 50

ED 45

(4)

(67)
f(7) (7) (6) (6)

(7) (7) (4)
(7)

Pre 0 30 60 90 120 150 180 210 240 270 300

t Time (min)
Buprenorphine

Figure 1 The effect of buprenorphine (6 pig kg-' i.v.) on
the thermal response threshold. The response threshold
(C) is plotted against time (min). Buprenorphine was

injected at time 0. The pre-test reading (Pre) is the mean
value of an average of 3-4 determinations for each of 6
animals over a 45-60 min period before drug injection.
Each point represents the mean value for n animals and
vertical lines indicate s.e.mean. The value ofn is shown in
parenthesis. The broken line represents the maximal
thermal threshold. ***P< 0.01, **P< 0.02, *P< 0.05,
determined using the Chi-squared test.
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Figure 2 The effect of buprenorphine (B, 6 ltg kg-', i.v.)
on the thermal response threshold after pretreatment
with naloxone (N, 0.2mgkg', i.v.). The response thre-
shold (C) is plotted against time (min). Naloxone was
injected 5 min before buprenorphine. Buprenorphine was
injected at time 0. Each point represents an individual
determination. The broken line represents the maximal
thermal threshold. (0) Sheep 201, (0) sheep 218.

(Figure 2). Readings were normally taken until values
fell to pre-test levels.

Saline injections did not alter the temperature at
which the sheep responded to the stimulus.

Mechanical nociceptive testing

Buprenorphine (6 fig kg-') did not alter the response
threshold from a control value of 180 ± 40 dial units
(equivalent to 3.06 ± 0.68 N) except for a decrease in
threshold at 5 min (Figure 3). Prior treatment with
naloxone did not affect the response threshold (Figure
4). Subsequent injection with xylazine (50 ytg kg-')
increased the response threshold to maximum, and
indicated that the test system was in order and that the
opioid antagonist had no effect on the x2-adrenoceptor
mediated antinociceptive effect. Buprenorphine
(3 ptg kg-') similarly did not alter response threshold.

Saline injection had no effect on control responses.

Behavioural responses

Injection of buprenorphine produced marked
excitement. This excitement was slow in onset, with an
obviously altered behaviour pattern recognisable only
after 5-15 min. The sheep began to chew intensely at
the box, pen or any ropes or cables within reach and
bleated occasionally. Head movements were rapid and
frequent. This excited behaviour often made it difficult
to obtain regular readings in the thermal test and
consequently the number of readings at particular
time points in the results varies somewhat. Increased
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Figure 3 The effect ofbuprenorphine (6 #g kg-', i.v.) on
the mechanical response threshold. The response thre-
shold (dial units or N) is plotted against time (min).
Buprenorphine was injected at time 0. The pre-test
reading (Pre) is the mean value of an average of 4
determinations for each animal over a 45-60 min period
before drug injection. Each point represents the mean
value for 5 animals and vertical lines indicate s.e.mean.
The broken line represents the maximum mechanical
threshold.
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Figure 4 The effect of buprenorphine (6
the mechanical response threshold afte
with naloxone (0.2 mg kg-', i.v.). The resj
(dial units or N) is plotted against time (i
(N) was injected 5 min before bupr
Buprenorphine was injected at time
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Figure 5 Plasma levels of buprenorphine after intraven-
ous administration of buprenorphine (6 ;g kg- ') to
sheep. Concentration in ng ml' has been plotted on a
logarithmic scale against time in min after injection. Each
point represents the mean values from 6 animals and
vertical lines indicate s.e.mean. The mean weight of the
sheep was 62.0 ± 3.3 kg. The broken line represents the
time during which analgesia was present following ther-
mal nociceptive testing.
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Plasma levels ofbuprenorphine

-8 0 Figure 5 shows the mean plasma levels of buprenor-
- phine following i.v. injection (6 flg kg-') in six animals.

0 4 There was an initial rapid decline in plasma concentra-
* tion of the drug followed by two slower phases. All
o 0 curves for each individual were best fitted to a

triexponential decay pattern. Table I presents the
9o 120 individual results for the rate constants x, a, and f3 and

maximum concentrations P, A and B and the half-time
t,,, representing an initial fast distribution phase

jg kg', i.v.) on ranging from 0.242 min to 1.374 min. This was foll-
.r pretreatment owed by a second slower distribution phase with a
ponse threshold range in half-times (t,4) from 1.6 min to 16.0 min. The
min). Naloxone elimination half-lives (to,) varied widely from 44 to
Eorphine (B). 350min. It is interesting to note than one particular

The broken line sheep (denoted 186) had consistently slower half-lives.
hold.k(0)Sheep Vc was small in all animals, range 0.036-0.272

I kg-', one sheep (21 1) having a particularly low value
of 0.0361 kg-'. Vd(arw) was relatively large (mean value
of 4.6441 kg- ') and clearance rates were relatively fast
(mean value of 29.7 ml kg-' min- ').

locomotor activity was apparent when the sheep were
in a larger pen, but this was not as readily visible when
they were in a wooden box which restricted their
movement. All the above signs were present for 120-
180 min. Two hundred and ten minutes after drug
injection all animals appeared calm once again.

Discussion

The injection of buprenorphine (6 fig kg-', i.v.) into
sheep reduced sensitivity to a painful thermal
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stimulus. Although this antinociceptive activity was
slow in onset, it lasted for 31 h after injection. Surpr-
isingly the drug was without influence on mechan-
ically-induced pain. The reason for this difference is
unclear. It is well documented that the drug displays
marked antagonist properties at high doses, which
causes its dose-response curve to be bell-shaped in
rodents (Dum & Herz, 1981). It was therefore decided
to give buprenorphine at a lower dose (3 #g kg- ') to
one sheep, and to pretreat two further sheep with
naloxone before drug administration, in an attempt to
determine if the lack of effect in the mechanical test
was attributable possibly to a drug 'overdosage'. Ifthis
were the case in the sheep, the effect recorded would
have lain on the right hand side of the bell-shaped
dose-response curve. Measurements were continued
for up to 21 h after drug administration, and no signs
ofanalgesia developed in this period. Nevertheless, the
remote possibility that antinociception was present at
times later than this, cannot be discounted completely.
In any event, neither treatment altered the lack of
effect of buprenorphine in the mechanical test system.

Martin et al. (1976) classified buprenorphine as a p-
selective opioid, as have other workers (Cowan et al.
1977). However, Richards & Sadee (1985) suggested it
had equal affinity for both la and K sites. Tyers (1980)
found that buprenorphine was much more potent
against non-heat stimuli (paw pressure, writhing test)
and on this basis suggested that the drug was
predominantly a partial agonist at K-sites. A year
earlier Bryant & Tyers (1979) had shown that bupren-
orphine injected intrathecally was inactive on both hot
plate and paw pressue tests unless the dose exceeded
that which was active after subcutaneous injection,
unlike morphine which was antinociceptive in both
tests at low doses. This led the authors to suggest that

, this was further evidence supporting the hypothesis
*° that buprenorphine's antinociceptive activity is
8 mediated via a non-j-receptor. Cowan et al. (1977)
.r demonstrated that buprenorphine displayed antin-
.s ociceptive activity in the rat tail pressure test and that

the dose-response relationship was linear. But bupren-
Q orphine did not antagonize the antinociceptive actions
r ofmorphine in the same test system, while blocking its
8 activity in the rat tail flick test, this can be explained by
, the proposition that buprenorphine is a low efficacy
.2 agonist, acting as a full agonist in the rat tail pressure
.e test, but as a partial agonist/antagonist in the rat tail
E flick test which has a smaller effective receptor reserve.

It is possible that there are species differences in the
number and distribution of receptors which account

, for the different activity of buprenorphine in the rat,
° dog and sheep. Alternatively, opiate receptors may be
= involved in a varying degree in mediating suppression
v of thermal and mechanical responses. The activity of
Q buprenorphine in the thermal test system in sheep and

;.Lt its complete reversal by naloxone suggest that this
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effect may be mediated at the It-receptor, although the
dose ofnaloxone used was high and may have blocked
ic- and 6-receptors as well. A dose-response study of
the drug using both nociceptive testing regimes would
probably elucidate whether there are relative differen-
ces between the species, and antagonist studies using
low doses of naloxone would confer more receptor
selectivity to the effect. It is possible that higher doses
of buprenorphine could have increased the mechan-
ically evoked threshold response in the sheep. This
would be especially possible if this test system were
inherently more painful, since it does not necessarily
follow, that the dose-response curve for both nocicep-
tive test systems will be identical. In 1982, Sadee et al.
suggested that the rat tail pressure test was a less
intense stimulus than electrical stimulation, thus
explaining buprenorphine's considerable potency in
this test. It is therefore, conceivable that the two tests
used demonstrated the low efficacy agonist nature of
buprenorphine.
The bell-shaped dose-response curve for buprenor-

phine in rodents (Cowan et al., 1977; Dum & Herz,
1981) suggests that the drug has a range of concentra-
tions at which it produces a maximum antinociceptive
effect, and that above or below this range it is less
effective and the time at which tests are made may well
influence the magnitude of the response recorded.
Cowan et al. (1977) and Tyers (1980) did not monitor
the drug's activity over a time course, but carried out
nociceptive testing at only 30 min after injection of the
drug, but this study in sheep indicates that at 30 min
after injection of the drug (6 pg kg-'), no significant
increase in response threshold can be recorded. Dum
& Herz (1981) measured antinociceptive effects in rats
over a time course with three different dose rates given
subcutaneously. The two lower doses (0.1 and
0.5 mg kg') produced a maximum effect about 1 h
after injection (which is in agreement with results in
the sheep), while the higher dose (5 mg kg- ') produced
two peak effects at 30 min and 41 h. It is difficult to
compare data obtained following subcutaneous injec-
tion to work carried out after i.v. administration, but
the overall shape of the antinociceptive curve for
buprenorphine in the sheep was similar to that at the
lower dose rates given by the above authors to rats.
The long latent period (45 min) probably reflects the
slow receptor kinetics displayed by the drug (Ham-
brook & Rance, 1976), which could result in different
concentrations occuring in the plasma and CNS.
The assay method for buprenorphine proved to be

reliable and sensitive, and compared very favourably
in sensitivity with that described by Bartlett et al.
(1980).

It is possible that later time points may represent a
combination of buprenorphine and its N-dealkylated
metabolite, as the antiserum used cross-reacted
equally well with both drugs. However, this possibility

was considered unlikely, as this metabolite is not
prodced in detectable quantities in man (Moore,
personal communication) or dogs (Bartlett et al.,
1980); although Blom & Bondesson (1985) detected
norbuprenorphine in plasma a few hours after an i.v.
injection of 0.6mg in one volunteer, using a gas
chromatographic-mass spectrometric method to
separate and identify the parent drug and its
metabolite.
The wide variation in elimination half-lives (t,,)

found in the 6 sheep suggested that more sampling
points may be required for accurate determination of
the parameter. However, the low plasma levels detec-
ted at the later time points are close to the sensitivity
limit of the assay.
The decline of buprenorphine levels in plasma after

i.v. injection followed a triexponential pattern for each
individual animal, similar to that described in man
(Bull1irgam et al., 1980). Bullingham et al. (1980)
determined the pharmacokinetics of buprenorphine
following i.v. injection of a standard dose of 0.3 mg to
patients undergoing surgery. These people had all
received a variety of other drugs before buprenor-
phine, and the authors collected samples for only 3 h.
The elimination half-life lay between 2 and 3 h, with
initial half-times of 2.1 min and 11.2 min, respectively.
After surgery, the procedure was repeated, this did
little to alter t,, tb, and tf, but increased clearance rates
by 30%, from 901 ml min-' to 1275 ml min-'. These
authors suggested that there was no relationship
between plasma level and pharmacological effect,
because of the long duration of effect of the drug in
man. However, they did not continue sampling over a
period of time corresponding to the presumed dura-
tion of effect of the drug.
The mean onset of analgesia following administra-

tion of buprenorphine (6 1tg kg-' i.v.) in the sheep was
45 min. At this time, the mean plasma concentration
was 697 pg ml'. Analgesia persisted for a further
165 min; response thresholds were back to normal
240 min after injection of the drug when mean plasma
concentration of the drug was 189 pg ml-'.
The responses of sheep to injections of buprenor-

phine thus show a most interesting spectrum of
antinociceptive activity with apparently no analgesia
to mechanical stimulation, despite the fact that C2-
adrenoceptor agonists were approximately equipotent
in the two tests (Livingston et al., 1986) and the
opioids pethidine and fentanyl were effective, albeit
briefly, in the mechanical tests. as antinociceptives
(Nolan et al., 1987).
The pharmacokinetics of buprenorphine in the

sheep indicate that the drug is rapidly distributed in
the body and although the half-lives varied between
animals they appear to be similar to those found for
man. It is also most interesting to note that there was
no correlation between plasma levels of the drug and
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its analgesic activity during the initial period following
administration.

This work was supported by the Wellcome Trust.
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