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Buprenorphine has been widely recommended for treatment of pain in rodents. We have previously documented
that the recommended postoperative oral dose of buprenorphine in male Long-Evans rats, 0.5 mg/kg, is not as effec-
tive as the recommended parenteral dose of buprenorphine (0.05 mg/kg, s.c.) as an analgesic (21). In the series of
experiments reported here, we compared: the analgesic effect of buprenorphine when prepared in two ways in the
laboratory with that of a commercially available injectable solution of buprenorphine; the analgesic effect of
buprenorphine in Long-Evans rats with that in Sprague-Dawley rats; and Long-Evans and Sprague-Dawley rats for
development of pica, a commonly reported side effect of buprenorphine. We followed the pica experiment with assess-
ment of the effectiveness of buprenorphine in establishing a conditioned flavor aversion. The results indicated that
method of preparation did not result in any significant differences in the efficacy of injected buprenorphine. Strain of
rat was not associated with a significant difference in the efficacy of buprenorphine. However, a significant strain
difference was found in development of pica. Buprenorphine treatment was effective in inducing a conditioned flavor
aversion. We concluded that the recommended oral dose of buprenorphine (0.5 mg/kg) is ineffective as an analgesic,
and that this was not the result of method of preparation of the buprenorphine or strain of rat used. Furthermore, we
concluded that buprenorphine treatment may induce gastrointestinal distress in both strains tested. The results reaf-
firm our previous conclusion that oral administration of buprenorphine at 0.5 mg/kg, despite the general recommen-

dation, is not a reasonable treatment for postsurgical pain in rats.

In a previous report (21), we indicated that the recommended
postoperative orally administered dose of buprenorphine, 0.5 mgkg
of body weight (15, 20), does not induce analgesia comparable to
that of the recommended postoperative subcutaneously adminis-
tered dose of buprenorphine, 0.05 mg/kg (14, 20, 25) in male
Long-Evans rats. In fact, in our assay, the recommended
parenteral dose of buprenorphine induced robust analgesia,
whereas the recommended oral dose did not induce measurable
analgesia at all. Instead, 5 mg/kg, 10 times greater than the rec-
ommended dose, given by orogastric infusion, was necessary to
induce analgesia comparable to that of the subcutaneously ad-
ministered dose of 0.05 mg/kg. The recommended technique for
oral administration of 0.5 mg/kg was to dissolve it in flavored
gelatin, then offer the rat a cube of the gelatin (2 ml/kg) contain-
ing a concentration of 0.125 mg of buprenorphine/ml (14, 25).
However, concentrations of buprenorphine > 0.125 mg/ml of fla-
vored gelatin, which yielded a volume of gelatin/buprenorphine
that was still sufficiently small to be wieldy (2 ml), were too aver-
sive (bitter) for the rats to eat voluntarily. The conclusions of our
earlier study were that buprenorphine mixed in flavored gelatin
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at the recommended concentration was not an effective analgesic
in rats; when mixed in flavored gelatin at a concentration that
would induce appreciable analgesia, the concentration was too
high to be voluntarily ingested.

The objective of the study reported here was to probe some of
the valid methodologic issues that arose from the report by Mar-
tin and co-workers (21). First, we examined systematically
whether the effectiveness of diluted commercially available
buprenorphine (Buprenex) varies from that of a solution of pow-
dered buprenorphine HCl. We then examined the effectiveness
of orally administered buprenorphine in Sprague-Dawley rats,
since our earlier tests had been conducted in Long-Evans rats,
to see whether strain differences could account for different re-
sults in the literature.

An incidental observation made during the experiment on the
Sprague-Dawley rats was that > 80% of them (across all treat-
ment groups) were observed to be carrying, holding, or chewing
cage bedding 1 h after treatment with buprenorphine. This pica
behavior, not observed in Long-Evans rats, was quite notable; in
some instances, rats appeared to have bedding filling their cheek
pouches or spilling out of their mouth like a large fan. Although
pica resulting from buprenorphine treatment in rats has been
reported (2, 8), to the authors’ knowledge, strain difference had
not been reported. To test this apparent strain difference in the
effect of buprenorphine empirically, experiment 3 was conducted
to assess the effect of buprenorphine (0.05 mg/kg, s.c.) on pica in
Sprague-Dawley and Long-Evans rats.
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Pica is often regarded as resulting from gastrointestinal dis-
tress (e.g., dogs eating grass, [23]). Therefore, we conducted an
additional experiment (experiment 4) to test the possibility, more
directly, that buprenorphine treatment might be causing gas-
trointestinal distress in the rats. As a conservative test of this
possibility, we used Long-Evans rats because they did not exhibit
pica after buprenorphine treatment. The paradigm chosen was
conditioned flavor aversion. It is well known that pairing a novel
flavor with gastrointestinal illness (nausea, diarrhea, vomiting,
cramps) leads to aversion to that novel flavor (1, 22). Therefore,
the ease of conditioning a flavor aversion to the effects of an ad-
ministered drug is taken as an index of the gastrointestinal mal-
aise caused by that drug (11, 22, 30).

Materials and Methods

Subjects. The subjects were either male Long-Evans (hooded)
rats (400 to 600 g), obtained from an in-house breeding colony
(seeded from Harlan Blue Spruce, Indianapolis, Ind.: experiment
1, n = 12; experiment 3, n = 10; experiment 4, n = 30), or male
Sprague-Dawley (albino) rats (350 to 600 g) obtained from a com-
mercial vendor (Harlan Sprague Dawley, Indianapolis, Ind.: ex-
periment 2, n = 24; experiment 3, n = 10). The colony was
monitored for microbiological agents by use of serologic examina-
tion for antibodies to bacterial, and viral agents in sentinel rats.
Cellophane tape tests and necropsy were performed to examine
sentinels for parasites. These rats were found to be free of cilia-as-
sociated respiratory bacillus, Kilham rat virus, H-1 virus, Myco-
plasma pulmonis, pneumonia virus of mice, sialodacryoadenitis
virus, Sendai virus, lymphocytic choriomeningitis virus, reovirus,
pinworms, and furmites across the period during which this study
was conducted.

The rats were housed in polycarbonate cages (46 x 25 x 21 cm)
containing Aspen hardwood shavings (Northeastern Products
Corp., New York, N.Y.). The temperature, humidity, ventilation,
and lighting were maintained at: 22° + 2°C, 50-60% humidity, 14
air changes/h, and a 14:10 light:dark cycle (lights on at 6 a.m.
EST), respectively. For experiments 1, 2 and 3, rats were fed
Teklad Rodent Diet 8640 (Harlan Teklad, Madison, Wis.) and tap
water ad libitum. Rats were habituated to general handling by
gently handling each rat for about 2 min on each of 3 days during
the week prior to testing. In experiment 4, for 2 weeks before the
start of the experiment and throughout the experiment, rats were
maintained on a water-restricted diet; they had access to water
for only 30 min each day. A water-restricted diet was necessary to
ensure that the rats would be highly motivated to drink during a
finite period (during testing) and to ensure that they would drink
novel-flavored substance during conditioning. Weight and hydra-
tion (tent test on a hind paw) were monitored daily throughout
the study. No rat had significant weight loss (> 10%) or dehydra-
tion at any time during experiment 4. The series of experiments
was approved by the guidelines established by the Institutional
Animal Care and Use Committee of the University at Buffalo
(UB). The UB animal facilities are fully approved by the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care
(AAALAC). No rats served in any previous study, and during this
study, no rat was used in more than one experiment. All rats were
tested within the same daily time frame (8 a.m. to 1 p.m. EST) to
control for circadian changes in opioid sensitivity. At completion
of each experiment, rats were euthanized by inhalation of CO,, or
transferred to other laboratories to participate in other research.
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Drug Preparation

Experiment 1 (method of buprenorphine preparation).
Buprenorphine was prepared from powdered buprenorphine hy-
drochloride (RBI/Sigma, Natick, Mass.), or from a veterinary
buprenorphine hydrochloride solution (Buprenex, Reckitt &
Coleman, Richmond, Va.) to a final concentration of 0.05 mg/ml.
Buprenorphine solutions were prepared fresh on each day of
testing. Three methods of preparation were used. For compari-
son, all drugs were administered subcutaneously at a dosage of
0.05 mg/kg and in a volume of 1 ml/kg. One solution was made
by following the procedure of Martin and co-workers (21) for
subcutaneous buprenorphine administration (SC BUP): pow-
dered buprenorphine was mixed with sterile de-ionized water to
a concentration of 0.05 mg/ml, then the solution was vortex
mixed (2 min) and sonicated (20 min).

A second solution was made by following the procedure of Martin
and co-workers (21) for oral buprenorphine administration (PO
BUP): powdered buprenorphine was mixed with sterile de-ionized
water to a concentration of 5 mg/ml, then the solution was vortex
mixed (2 min) and sonicated (20 min), then was heated (< 35°C, the
5 mg/ml concentration only, to improve dissolution) during the
last 5 min of sonication.

The third solution was Buprenex, which is available in a 0.3 mg/ml
concentration. The PO BUP and Buprenex were diluted to a final
concentration of 0.05 mg/ml with sterile de-ionized water so that
the same injection volume (1 ml/kg) was used across treatment
groups.

~ Experiment 2 (analgesic efficacy of orally administered
buprenorphine in Sprague-Dawley rats). Buprenorphine
was prepared from powdered buprenorphine HC] (RBI/Sigma) at
concentrations of 5, 0.5, and 0.05 mg/ml for oral and subcutane-
ous bolus administrations in a volume concentration of 1 ml/kg (5
and 0.5 mg/kg, and 0.05 mg/kg, respectively). The preparation of
each solution was that described previously for experiment 1, cor-
responding exactly to the method used by Martin and co-workers
(21), who conducted a similar study in Long-Evans rats.

Experiment 3 (strain difference in buprenorphine-in-
duced pica). Buprenorphine was prepared from powdered
buprenorphine HC1 (RBI/Sigma) at a concentration of 0.05 mg/ml
for subcutaneous bolus administration in a volume concentration
of 1 ml/kg (0.05 mg/kg).

Experiment 4 (buprenorphine-induced flavor aversion
conditioning). Buprenorphine HCI (RBl/Sigma) was used and
prepared in the manner described for experiment 1 for a 5 mg/kg
orally administered dose and a 0.05 mg/kg subcutaneously ad-
ministered dose.

Pain-threshold assay (experiments 1 and 2). Pain thresh-
old was measured before (baseline), and 1 h and 4 h after drug
administration, using a standard hot-water tail-flick assay (17).
The dependent variable was the latency (in seconds) for the rat to
flick its tail from the hot-water bath. The water was maintained
at 55°C in a constant-temperature water bath and was monitored
by use of an electronic thermometer. The distal third of the rat’s
tail was immersed in the bath, and the time required for the rat
to remove its tail was measured using a stopwatch. Rats were
wrapped in a breathable towel and gently held for this procedure.
The tail-flick latency score was calculated as the mean value for the
last two of 3 trials, separated by 30-sec intervals. Tail-withdrawal
latency at baseline (untreated rats) ranged from 2.5-4.0 sec. Each
trial was terminated at 30 sec if no withdrawal response oc-
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curred. Water at 55°C did not induce tissue damage to the tail. The
experimenter conducting the tail-flick assay was blind to the ex-
perimental treatment of the rat. Rats were habituated to the proce-
dure and equipment (but not the hot water) used in this assay by
exposure once a day for three days during the week preceding the
experiment. A significant increase in pain threshold from the
baseline pain threshold was interpreted as induction of analgesia.
Orogastric infusion (experiments 1, 2, and 4). Orogastric
infusion (gavage) was achieved, using 11 cm of PE160 tubing at-
tached to a 1-ml, gas-tight tuberculin syringe fitted with an 18-
gauge needle. A 2.5-cm portion of a plastic, 1-ml tuberculin
syringe was used as a mouth speculum. One experimenter held
the rat and inserted the speculum, while the other inserted the
tube, handled the syringe, and infused the drug. All rats were
habituated to this procedure by three sham exposures (intuba-
tion without infusion) during the week before they were tested.

Experimental Procedure

Experiment 1 (method of buprenorphine preparation).
Food was removed (to control for stomach contents during the
gavage), and 2 h later, baseline tail-flick latency was determined
for each rat. Buprenorphine was administered subcutaneously
immediately thereafter. Three groups of rats received 0.05 mg of
buprenorphine/kg, s.c. (in a 1-ml/kg volume). The independent
variable was method of buprenorphine administration. Two-way
analysis of variance (ANOVA: method of preparation [SC BUP,
PO BUP, Buprenex] x time [baseline, 1 h and 4 h after drug ad-
ministration]) was used to evaluate statistically the effect of
method of drug preparation on buprenorphine-induced analgesia.

Experiment 2 (analgesic efficacy of orally administered
buprenorphine in Sprague-Dawley rats). Food was removed
prior to the start of testing, and each rat was weighed. Two hours
later, baseline tail-flick latency was determined for each rat, then
the buphenorphine treatment was administered orally or subcu-
taneously to each rat. Rats received one of three conditions:
buprenorphine (0.05 mg/kg, s.c.) and vehicle (1 ml of water/kg, p.o.);
vehicle (1 ml of water/kg, s.c.), and buprenorphine (0.5 mg/kg, p.o.);
or vehicle (s.c.) and buprenorphine (5 mg/kg, p.o.). Pain threshold
was determined 1, 4, and 8 h after treatment. A two-way ANOVA
(buprenorphine treatment [0.05 mg/kg, s.c., 0.5 mg/kg, p.o., 5 mg/kg,
p.0.] x test [baseline, 1, 4, and 8 h after drug administration]) was
used for statistical evaluation of the effect of manipulating dose
and route of buprenorphine administration on buprenorphine-in-
duced analgesia.

Experiment 3 (strain difference in buprenorphine-in-
duced pica). Food was removed prior to testing, and each rat
was weighed. Two hours later, rats were given buprenorphine
(0.05 mg/kg, s.c.) or vehicle at the start of testing and a few food
pellets were placed in the corner of their cage. Five-minute behav-
ioral observations were made every 15 min over the next 2 h.
During the observation period, each rat was assessed for the pres-
ence or absence of bedding in its mouth. At the end of this period,
the rats were killed; the stomach was removed and weighed, and
its contents were inspected to see whether the mouthed shavings
had actually been ingested. Strain differences in frequency of ob-
served pica, proportion of groups with observable cage bedding in
their stomach, and stomach contents dry weight, were assessed
statistically using the y2-test or two-way ANOVA.

Experiment 4 (buprenorphine-induced flavor aversion
conditioning). After the rats became acclimated to the water-
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deprivation schedule (approx. 2 weeks), a 3-day testing period
was conducted. On the first of the three days (day 13: condition-
ing day), the regular drinking water available during the 30-min
drinking period was replaced with a novel substance, grape juice
(50% Welch’s unsweetened white grape juice diluted with dis-
tilled H,O). At the end of the 30-min drinking period on the con-
ditioning day, the rats were given buprenorphine or its vehicle
subcutaneously (0.05 mg/kg) or by oral gavage (5 mg/kg). To con-
trol for handling difference associated with the various routes of
administration, all rats received an injection and an infusion.
Buprenorphine was present in either the injection or infusion
(not both), or not present at all. Thus, rats were treated in one of
three groups: Bup SC (0.05 mg of buprenorphine/kg, s.c., and 1 ml
of vehicle/kg, p.o.); Bup PO (1 ml of vehicle/kg, s.c., and 5 mg of
buprenorphine/kg, p.o.); or control (1 ml of vehicle/kg, s.c., and 1
ml of vehicle/kg, p.o.). The next day (day 14: rest day) rats re-
ceived regular tap water during the drinking period. The day af-
ter that (day 15: test day), rats were offered the grape
Jjuice-flavored water again. Fluid intake (milliliters consumed in
30 min) was measured throughout the study period. The critical
test for the presence of a conditioned flavor aversion fell to the
analysis of differences between the groups in fluid intake on the
test day (day 15). Additional analyses were necessary to docu-
ment that there were no group biases in initial grape juice intake
(group differences on the conditioning day, day 13} and that there
were no long-term effects of treatment on general fluid intake
(group differences on the rest day, day 14). All of these compari-
sons were accomplished using two-way ANOVA (buprenorphine
group [0.05 mg/kg, s.c., 5 mg/kg, p.o., control] x days [baseline,
conditioning day, rest day, test dayl]). Baseline fluid intake was
defined as the average intake over the five days preceding the
conditioning day (i.e., days 8-12).

Results

Experiment 1 (method of buprenorphine preparation).
The effect of buprenorphine (0.05 mg/kg, s.c.) on pain threshold did
not differ by method of buprenorphine preparation (F[4,18] < 1 for
the interaction between method of preparation and time, and
F[2,9] <1 for the main effect of method of preparation), although,
as expected, this dose of buprenorphine (0.05 mg/kg) given subcu-
taneously induced an increase in pain threshold 1 h after its ad-
ministration (F[2,18] = 12.17, P < 0.01). This result indicates that
the analgesic efficacy of buprenorphine is not adversely affected
by vortex mixing, sonicating, or brief heating to < 35°C, and that
the analgesic efficacy of buprenorphine powder prepared in this
way is comparable to that of the commercially available
Buprenex solution (Fig. 1).

Experiment 2 (analgesic efficacy of orally administered
buprenorphine in Sprague-Dawley rats). One rat was re-
moved from the study because of inadequate gavage volume.
Data from the remaining 23 rats were used to compare the anal-
gesic efficacy of the orally administered buprenorphine at the
dose recommended for administration in gelatin (0.5 mg/kg), and
the higher orally administered dose (5 mg/kg) recommended by
Martin and co-workers (21), with the standard therapeutic sub-
cutaneously administered dose of buprenorphine (0.05 mg/kg). A
significant interaction between group (buprenorphine, s.c.; low-
dose buprenorphine, p.o.; high-dose buprenorphine, p.o.) and test
(baseline, 1, 4 and 8 h) was found (F[6,60] = 8.63, P < 0.01).

A probe of this interaction indicated that the high orally admin-
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Figure 1. Analgesic efficacy of buprenorphine (0.05 mg/kg, s.c.) pre-
pared in three ways. Buprenorphine solutions were prepared in the
laboratory at a concentration of 5 mg/ml (PO BUP) or 0.05 mg/ml (SC
BUP) from powder and were compared with commercially available
buprenorphine (Buprenex [0.03 mg/ml]). All solutions were diluted, if
necessary, to a concentration of 0.05 mg/ml prior to administration to
control for volume of injection. Differences between groups (n = 4/group)
were not observed; however, buprenorphine, by any method of prepara-
tion, significantly increased pain threshold at 1 h (P < 0.05, relative to
baseline value).

istered dose (5 mg/kg) of buprenorphine (F[3,60] = 39.65, P < 0.01)
and the subcutaneously administered dose (F[3,60] = 19.44, P <
0.01) resulted in significant increases in pain threshold, whereas
the low orally administered dose (0.5 mg/kg) did not (F[3,60] =
1.03, P > 0.05). The 5 mg/kg, oral dose and the 0.05 mg/kg, subcu-
taneous dose did not differ significantly from each other at any
time, but both were associated with significant increase in pain
threshold, relative to baseline and at 1 h after buprenorphine
administration. Pain threshold in the 5 mg/kg, oral dose group was
significantly higher than that at baseline for the 4-h test period as
well. In contrast, pain threshold in the 0.5 mg/kg oral dose group
did not significantly change at any time after buprenorphine treat-
ment (Fig. 2). These results paralleled the findings of Martin and
co-workers (21), in Long-Evans rats and indicate that the analgesic
efficacy of buprenorphine is similar in these two strains.
Experiment 3 (strain difference in buprenorphine-in-
duced pica). Pica, mouthing or chewing of wood shavings, was
only observed in Sprague-Dawley (SD) rats that received
buprenorphine (Fig. 3). In 4 of 5 rats, pica was observed during at
least 50% of the observation periods. Pica was not observed in
Long-Evans (LE) rats given buprenorphine, and was not observed
in water-treated rats of either strain. A statistical comparison of the
frequency of pica by group (LE+water, LE+Bup, SD+water, and
SD+Bup) was significant (xZ [3 df, n = 20] = 20.0, P < 0.01). Further-
more, 3 of 4 SD rats in which pica had been observed also had
discernable wood shavings in their stomach on gross inspection at
the end of the 2-h observation period, indicating that the wood

296

*

> * --B- SC
c oy -
g3 5 }\ -a- PO 5.0
32 [N ——P0O 0.5
© E / AN
s W 44 ,’E\ N
® v [ au N N
T +H e
-
s 8 3
=2
s
-

2' ) L L} Li

(] 2 4 6 8
Hours

Figure 2. Analgesic efficacy of buprenorphine in Sprague-Dawley rats.
Pain threshold was determined immediately before and 1, 4 and 8 h
after administration of buprenorphine (0.5 mg/kg, p.o., 5 mg/kg, p.o.,
and 0.05 mg/kg, s.c.) in male Sprague-Dawley rats (n = 8/group). The
0.5 mg/kg orally administered dose is currently recommended for ad-
ministration in gelatin and the 0.05 mg/kg subcutaneously adminis-
tered dose is the standard therapeutic buprenorphine parenteral dose
for postoperative analgesia. *'P < 0.05, 5 mg/kg, p.o., and 0.05 mg/kg, s.c.,
significantly greater than baseline and 0.5 mg/kg, p.o., values. “P < 0.05,
5 mg/kg, p.o., significantly greater than baseline value.
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Figure 3. Strain differences in buprenorphine-induced pica. Rats were
treated with buprenorphine (Bup, 0.05 mg/kg, s.c., n = 5/strain) or ve-
hicle (water, 1 ml/kg, s.c., n = 5/strain) and were observed for 5 min
every 15 min, for oral manipulation of wood shavings (chewing, mouth-
ing). Sprague-Dawley rats had significantly more pica than did Long-
Evans rats. " P < 0.01, compared with all other groups.

shavings being mouthed by the rats were actually being swallowed.

Wood shavings were not found in the stomach of LE rats, or SD
rats treated with vehicle. Finally, buprenorphine did not signifi-
cantly increase dry weight of the stomach contents of rats of either
strain or by treatment group (interaction F{1,15} < 1, main effect of
condition F{1,15] < 1, main effect of strain F{1,15} = 1.7, P=0.2).
The lack of difference between the dry weight of stomach con-
tents from LE and SD rats was probably due to the difference in
weight of shavings and rat chow, and the fact that LE rats were
observed eating small amounts of chow during the post-treat-
ment period.

Experiment 4 (buprenorphine-induced flavor aversion
conditioning). The ability of buprenorphine to induce gas-
trointestinal malaise was investigated in Long-Evans rats by de-
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Figure 4. Buprenorphine-induced flavor aversion conditioning. Long-
Evans male rats were habituated to a water-restricted diet in which
water was available for only 30 min/day. On day 13 (conditioning day),
water was replaced with grape juice (gj) and, after the 30-min drink-
ing period, rats received an injection of, or gavage with buprenorphine,
0.05 mg/kg, s.c., or 5 mg/kg, p.o., respectively, or vehicle. Regular water
was offered on day 14, and the second exposure (test day) to grape juice
was offered on day 15 (n = 10/group). “P < 0.05 gj intake greater than
that during first exposure in control rats. “P < 0.05 gj intake in rats
treated orally with 5 mg of buprenorphine/kg is significantly less than
value for controls. Not shown: gj intake on the conditioning day (day
13) was significantly lower than baseline water intake (P < 0.05). Water
intake on day 14 (rest day) was not different from baseline water in-
take (P < 0.05).

termining whether buprenorphine at the standard subcutane-
ously administered dose (0.05 mg/kg) and the equipotent orally
administered dose (5 mg/kg) could induce a conditioned flavor
aversion. The results (Fig. 4 and 5) indicate that the acute effects
of buprenorphine can induce conditioned flavor aversion: the rats
associated the novel flavor, grape, with the one-time concomitant
occurrence of apparently negative gastrointestinal effects of
buprenorphine.

The two-way ANOVA assessing the effect of buprenorphine
treatment (SC Bup, PO Bup, or control) by day (baseline [average
of days 8-12], day 13 [conditioning dayl, day 14 [rest day], and day
15 [test day]) on fluid intake indicated significant interaction be-
tween these two variables (F[6,81] = 3.69, P < 0.003). Simple-ef-
fect probes (set at P < 0.05) of this interaction indicated that: all
rats drank less on the conditioning day than during the baseline
period or on the rest day; fluid intake on the rest day did not dif-
fer significantly from baseline, or by treatment group; and signifi-
cant group differences in fluid intake were present on the test
day. Statistical probes of the group differences on the test day in-
dicated that: control rats drank significantly more grape juice on
the test day than on the conditioning day, and that fluid intake
among control rats on the test day did not differ significantly
from baseline water intake (indicating no aversion); rats treated
orally with 5 mg of buprenorphine/kg drank significantly less
grape juice than did controls on the test day and significantly less
than their baseline water intake (indicating the presence of an
aversion); and fluid intake among rats in the 0.05 mg/kg, s.c. group
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Figure 5. Fluid intake during flavor aversion conditioning as a per-
centage of baseline fluid intake. Long-Evans male rats treated with
buprenorphine (0.05 mg/kg, s.c., or 5 mg/kg, p.o.) after their first expo-
sure (conditioning day) to grape juice (gj) drank less grape juice on the
second exposure (test day) than did control rats, and drank less fluid
than they had ingested on the baseline days.

was intermediate to that of the control group and the 5 mg/kg, p.o.
group, and did not differ from conditioning day intake, but was
significantly lower than their baseline water intake (indicating
mild conditioned aversion). These results indicate that the acute
effects of orally administered buprenorphine (5 mg/kg) can be
used to condition a flavor aversion, and therefore are likely to in-
duce gastrointestinal distress. Furthermore, the results suggest
that even the subcutaneous administration of buprenorphine
(0.05 mg/kg) induces some malaise; grape juice intake among
these rats did not show a significant increase on second exposure.
The fact that conditioned rats showing an aversion still con-
sumed some grape juice on the test day is typical in this para-
digm, and was likely a result of the competing motivational state
to drink that resulted from the 23.5-h water restriction schedule.

Discussion

In our earlier report (21), we stated that the recommended
orally administered dose of buprenorphine for rats (0.5 mg/kg)
was ineffective as an analgesic, which spawned a great deal of
discussion about the generalizability and validity of our conclu-
sion. Advocates of the buprenorphine/gelatin technique felt un-
comfortable with our data, likely because of an erroneous
impression that many previous studies had confirmed the effec-
tiveness of the aforementioned dose. For example, Roughan and
Flecknell (26) stated that “...other studies have clearly demon-
strated the efficacy of orally administered buprenorphine” (p. 338),
and cited numerous studies to support the statement. It was also
suggested that our “failure” to achieve adequate analgesia with
0.5 mg of buprenorphine/kg given orally was due to: methodologic
mistakes in the preparation of buprenorphine, choice of rat
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strain, or choice of rat model (i.e., surgery-free rats rather than
rats experiencing postoperative pain). Consideration of these pos-
sibilities led us to reconsider the literature comparing orally with
parenterally administered buprenrophine dosing and to conduct
the series of experiments reported here.

The studies purported to support the effectiveness of 0.5 mg of
buprenorphine/kg given orally (26) can be grouped into three
types: pharmacokinetic studies; studies evaluating the median
effective dose (ED, ) of orally administered buprenorphine; and
studies directly comparing the efficacy of buprenorphine admin-
istered orally with that of other routes of administration.

The first category, pharmacokinetic studies, contains one report
(5). Those authors predicted that a dose of buprenorphine 10 times
higher than the effective parenterally administered dose would be
necessary for an orally administered dose to be effective. This con-
clusion was based on the bioavailability of buprenorphine in
plasma, but did not address analgesic efficacy directly. This type of
data supports the hypothesis that the 0.5 mg/kg orally adminis-
tered dose of buprenorphine is a therapeutic postoperative analge-
sic that is comparable to the parenterally administered dose, but
does not provide definitive evidence, as analgesic efficacy is not nec-
essarily related to plasma drug concentration in linear manner (3).

The second category, studies assessing the ED,, contains most
of the literature. There are limitations to the applications of these
data. First, ED,, is highly technique bound, which limits the use-
fulness of comparisons across pain assays. Alse, the EDy, is nec-
essarily much lower than a clinical analgesic dose, which
presumably must be effective in all subjects, not just 50% of
them. Finally, there is not necessarily a good correlation between
the ED,; and therapeutic dose; the ED response curves are not
necessarily linear (ED,, is not necessarily 150% of ED,j; ED,, is
not necessarily 50% of ED,).

The third category of references, studies comparing the analge-
sic efficacy of different routes of administration, can actually be
subdivided into two groups: those that used direct measures of
analgesia (algesiometric studies) and those that used indirect mea-
sures of analgesia or well-being (e.g., feeding, locomotion). We ad-
dress ourselves here only to the algesiometric studies; the studies
assessing indirect indices of pain have yet to be validated and, es-
pecially with opioids, are confounded by the independent effects of
opioids on feeding and locomotion (27). The algesiometric studies
are summarized in Table 2 of the report by Roughan and
Flecknell. That table specifically provided data on subcutaneous,
intraperitoneal, and oral administrations of buprenorphine in
studies using algesiometric tests. There were 36 entries based on
data from 17 reports. Seventeen of the 36 table entries applied to
research conducted on rats. Of those 17 entries, 5 provided infor-
mation on subcutaneous administration of buprenorphine (ED,,:
range, 0.005 to 0.4 mg/kg), 10 were about intraperitoneal admin-
istration of buprenorphine (ED,,: range, 0.002 to 0.2 mg/kg), and
only 2 were about oral administration of buprenorphine (ED,:
range, 0.03 to 0.048).

Investigation of oral administration of buprenorphine was re-
ported exclusively by Cowan and his colleagues (10, 19). In the
1977 report by Cowan and co-workers (10), the effects of orally
administered buprenorphine were mentioned as a comment in
the results/discussion, but the experiment was neither described
in the methods nor were actual data presented in the results. The
Lewis and Cowan report (19; a reference to a meeting report) is
the only report that can be cited as an approximation of the test
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we performed in our earlier study (21): those authors collected
data on oral and subcutaneous administrations of buprenorphine
using an algesiometric test, although unlike our data, their data
were not collected in a manner that would allow direct statistical
comparison. An experimental compound that was used (6029-M)
apparently was buprenorphine (26). The ED, for the oral admin-
istration of 6029-M in a tail-pressure test was 0.05 mg/kg and the
ED,, for the subcutaneous administration of 6029-M in a tail-
pressure test was 0.005 mg/kg. This single study, then, provides
the most direct support to the idea that a 10-fold higher orally
administered dose of buprenorphine (0.5 mg/kg) should be com-
parable in analgesic efficacy to 0.05 mg of buprenorphine/kg
given subcutaneously, and stands in contrast to the report by
Martin and co-workers (21).

Three major methodologic differences between their report and
ours may explain the discrepancy. First, Lewis and Cowan only
reported the ED,, dose, and we examined and reported the thera-
peutic range of dose. Also, Lewis and Cowan did not discuss ha-
bituating their rats to their procedures. That report was
published before researchers were widely aware of the need to
habituate subjects to all the procedures used (e.g., orogastric in-
tubation) to eliminate a confounding factor induced by acute
stress and, therefore, involvement of endogenous opioids (4). Fi-
nally, Lewis and Cowan used Sprague-Dawley albino rats and we
used Long-Evans hooded rats.

The numerous “other studies” indicating that 0.5 mg of
buprenorphine/kg given orally is comparable in analgesic efficacy
to 0.05 mg/kg given subcutaneously really amount to one 1972
report in which the contradiction to our findings actually depends
on methodologic differences sufficiently great to warrant experi-
mental clarification.

As mentioned, the methodologic problems suggested (26) as
reasons for our finding that orally administered buprenorphine
was not a useful analgesic at a dosage of 0.5 mg/kg included the
method of preparing (solubilizing) buprenorphine solution, the
strain of rat tested, and the fact that our rats were not actually
experiencing postsurgical pain.

It was suggested that the method by which we prepared pow-
dered buprenorphine, which included vortexing and heating, may
have rendered the buprenorphine inactive. We tested this hy-
pothesis directly in experiment 1 of the study reported here by
comparing our method of preparing buprenorphine with commer-
cially available buprenorphine. Results of experiment 1 indicated
that the various methods for preparing buprenorphine
(Buprenex diluted to 0.05 mg/kg; buprenorphine powder mixed to
0.05 mg/kg; and buprenorphine powder mixed to 5 mg/kg, then
diluted to 0.05 mg/kg) did not result in differences in analgesic
potency when the final buprenorphine solution was administered
subcutaneously. Therefore, the method of preparation of
buprenorphine (26) was not a factor in our finding that oral ad-
ministration of 0.5 mg of buprenorphine/kg is ineffective as an
analgesic (21).

It was suggested (26) that the lack of analgesia induced by oral
administration of 0.5 mg of buprenorphine/kg, as reported by us
earlier (21), may have been due to strain differences between the
Long-Evans rats of our study and strains used in other studies.
We had not anticipated significant strain differences when we did
our original study using Long-Evans rats, since the original rec-
ommendations for oral administration of 0.5 mg/kg (14, 25) do not
carry a strain caveat. In experiment 2, we tested for the possibility
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Table 1. Mean percentage increase from baseline pain threshold at 1 h
and 4 h after buprenorphine treatment

Rat strain 1h 4h
Sprague-Dawley*

(5 mg/kg, p.o.) 214 +11 143 + 14
(0.05 mg/kg, s.c.) 17112 130+ 15
Long-Evans®

(5 mg/kg, p.o.) 160 + 20 110+ 10
(0.05 mg/kg, s.c.) 151+ 16 115+ 8

Data are from different studies: *our experiment 2; "experiment 2 from Martin
and co-workers (21).
Data are expressed as mean + SEM.

of a strain difference and found that the effect of buprenorphine in
Sprague-Dawley albino rats was similar to that in Long-Evans
hooded rats; buprenorphine administered by gavage at the recom-
mended dose (0.5 mg/kg, p.o.) does not induce measurable analge-
sia in this algesiometric test, whereas the recommended
parenterally administered dose (0.05 mg/kg) induces robust anal-
gesia. Buprenorphine given orally at a dosage of 5.0 mg/kg, which
is 100 times the subcutaneously administered dose, induced anal-
gesia comparable in magnitude and duration to that induced by
0.05 mg/kg given subcutaneously. As in our previous study on
Long-Evans hooded rats, the recommended orally administered
dose of buprenorphine (0.5 mg/kg) was ineffective as an analgesic
in Sprague-Dawley albino rats. Therefore, our finding that the
recommended dose of orally administered buprenorphine was inef-
fective (21) was not due to the strain we chose. As reported by Mor-
gan and co-workers (24), Sprague-Dawley rats tend to be more
sensitive than Long-Evans rats to the analgesic effects of
buprenorphine (our data are shown in Table 1), but although the
magnitude of this difference may be physiologically relevant (24), it
does not account for the difference in oral dose necessary for phar-
macologic action between Sprague-Dawley and Long-Evans rats.

Martin and co-workers (21) used a standard, proven,
algesiometric technique in which the standard recommended
postsurgical dose of buprenorphine (0.05 mg/kg, s.c.; the positive
control) induced reliable and robust analgesia. Since the subcuta-
neously administered dose recommended to be effective
postsurgically was also effective in the algesiometric test, it is un-
likely that the inadequate analgesia in rats given the recom-
mended oral dose of buprenorphine was due to problems with the
assay. However, this issue has brought a more general problem
into focus. Few, if any, techniques are available for equating the
effect of analgesics in subjects without underlying pain with that
in subjects experiencing ongoing pain and the concomitant in-
volvement of endogenous opioids. As for the validity of our assay
(hot-water tail dip assay), it is second only to the mouse-writhing
test in sensitivity, simplicity, and reproducibility (29), and one
that has been widely accepted for years in experimental litera-
ture (13, 17, 18).

A large body of data suggests that the results of the thermal
algesiometric assay in animals provide at least as good a predic-
tor of clinical efficacy in humans (relative potency, but not actual
dose) as are other pain and analgesia measures in animals (6,
12). Another advantage is that this type of animal algesiometric
assay is least likely to lead to false-positive identification of anal-
gesics, as verified by clinical tests in humans (29). Therefore, our
method is considered accurate, reproducible, and predictable.
Better tests may be possible to devise—tests that lead to no false-
positive identifications and to nearly a 1:1 relationship between

Analgesic efficacy of oral buprenorphine in rats

dose and clinical outcome. But these “better tests” will first re-
quire identification of all neural substrates involved in the sensa-
tion and perception of pain, finding direct methods for measuring
the activity in these substrates in awake behaving animals, or
possibly developing a behavioral learning assay in which rats
learn to provide a unique response to indicate pain or to “self-ad-
minister” analgesics. Only the last strategy is available at this
time (9), and its use has resulted in substantial improvements in
the assessment of pain in humans (28).

When conducting experiment 2, we noted a strain difference in
response to buprenorphine treatment that was independent of an-
algesia: Sprague-Dawley rats manifested an appreciable degree of
pica, whereas Long-Evans rats did not. This strain difference was
tested systematically in experiment 3 (Fig. 3). Because pica may be
a sign of gastrointestinal distress (23), we sought to verify the pres-
ence of gastrointestinal distress in experiment 4 through use of
another measure that depends on gastrointestinal illness: flavor-
aversion learning. The ability to condition an aversion to a novel
flavor by pairing the novel flavor with the acute effects of a drug is
taken as prima facie evidence that the drug is inducing gas-
trointestinal distress (1, 11, 22, 30). The use of Long-Evans rats,
which do not develop pica when treated with buprenorphine, was a
conservative test of the possible negative gastrointestinal effects
of buprenorphine. Figures 4 and 5 clearly indicate that mild aver-
sion to grape juice was established after only one pairing of that
novel flavor with oral administration of buprenorphine. It is in-
teresting that even parenteral administration of buprenorphine
induced a measurable degree of aversion. Gastrointestinal ill-
ness, particularly nausea, in humans after narcotic and even
buprenorphine treatment (7, 16) has been reported. It is possible
that the degree of body weight change and amount eaten by some
rat strains after buprenorphine treatment following surgery (20)
may be more related to pica than to well-being.

In conclusion, the current series of experiments confirmed our
previous report (21) that oral administration of buprenorphine
for postoperative analgesia in the recommended dose (0.5 mg/kg),
does not cause significant increase in the pain threshold in rats
in our pain-threshold assay. This finding cannot be attributed to
minor methodologic considerations (e.g., strain differences,
buprenorphine preparation method).

It is possible that a more palatable vehicle than flavored gela-
tin exists that would encourage ingestion of the effective orally
administered dose of 5.0 mg/kg. We tested a mixture of peanut
butter and sugar. However, our data indicated that half of the
rats tested could distinguish the control peanut butter and sugar
from the peanut butter and sugar containing buprenorphine.
Furthermore, even though the rats that ate the peanut butter
and sugar laced with buprenorphine manifested the same inten-
sity and duration of analgesia as those receiving a gavage con-
taining 5.0 mg of buprenorphine/kg, only about 60% of the rats
would voluntarily eat all of the proffered peanut butter mixture.

Oral administration of buprenorphine in rats causes more
problems than it solves. At a reasonable (palatable) concentra-
tion, it is ineffective. At an effective concentration, it is unpalat-
able. At any dose and route likely to induce analgesia,
buprenorphine likely induces gastrointestinal distress. We be-
lieve that, if buprenorphine is going to be used as a postoperative
analgesic in rats, the best dose is the minimal effective subcuta-
neously administered dose. Whether 0.05 mg/kg buprenorphine
is, in fact, the minimal effective dose remains to be seen.
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