Heyman gy
flation with oy

=
X Cil'Clll:‘ltoryﬁ]ms

vity for lapamsmm

Anesthesiology
1996:; 85:1403 - 12

© 1996 American Society of Anesthesiologists, Inc.
Lippincott-Raven Publishers

Interaction of Morpbine and Clonidine on
Gastrointestinal Transit in Mice

M. M. Puig, M.D., Ph.D.,* O. Pol, Ph.D.,t W. Warner, Ph.D.,%

Background: Combinations of drugs are frequently used to
achieve effective analgesia while minimizing side effects. Al-
though the analgesic effects of morphine and clonidine seem
to be synergistic, few studies have investigated other effects.
Their role in inhibiting gastrointestinal transit was evaluated
using different methods of analysis.

Methods: Percentage inhibition of transit induced by mor-
phine, clonidine, or their combination was measured in mice
that had been given an intragastric charcoal meal. Dose-re-
sponse curves were obtained for each drug individually; for
morphine:clonidine at 1:3, 1:1, and 1:0.33 ratios; and for mor-
phine in the presence of 0.0138 mg/kg clonidine. The interac-
tion was evaluated by isobolograms, combination indexes, and
fixed-dose analysis.

Results: Each drug and their combinations inhibited transit
in a dose-related manner. Combinations of morphine and
clonidine produced interaction that depended on the ratio and
level of response. The interaction analyzed by isobolograms
and combination indexes showed that combinations in 1:1
and 1:3 proportions were synergistic at the median effective
doses or less and were antagonistic at larger doses. Fixed-
dose analysis using different ratios showed similar results.
The effects of the combination (median effective dose at 1:1
ratio) were antagonized by efaroxan but not by naloxone, sug-
gesting a predominant role of alpha-2—-mediated effects.

Conclusions: Investigations into drug interactions should in-
clude several levels of response and combinations at different
ratios. Isobolographic analysis permits the statistical evalua-
tion of results without making assumptions about mecha-
nisms of action of the drugs or their interactions. In this study,
the combination of morphine and clonidine should produce

* Professor and Chair of Anesthesiology, Hospital Universitario del
Mar, IMIM, Barcelona, Spain.

1 Rescarch Scientist in Anesthesiology, Hospital Universitario del
Mar, IMIM, Barcelona, Spain.

+ Associate Professor of Pharmacology, New York University Col-
lege of Dentistry, New York, USA.

Received from the Department of Anesthesiology, Hospital Uni-
versitario del Mar, IMIM, Barcelona, Spain. Submitted for publication
pted for publication July 29, 1996. Supported
aciones Sanitarias, 92/0017-01 and
{ at the ESA Annual CONgress, Lon-

February 21, 1996. Acce
by grants from Fondo de¢ Investig
94/1380, Madrid, Spain. Presentec
don, England, June 1-5, 1996.
Address reprint requests to Dr. Puig: Department of Anesthesiol-
ogy, Hospital Universitario del Mar, Paseo Maritimo 25. 08003 Barce-

lona, SPAIN

Anesthesiology, V 85, No 0, Dec 1996

synergy, antagonism, or no interaction depending on the rela-
tive doses and the level of effect. (Key words: Alpha-2 adrener-
gic agonists. Clonidine. Constipation. Drug combinations.
Drug interactions. Gastrointestinal transit. Morphine. Opi-
oids.)

COMBINATIONS of drugs are frequently used in clinical
practice to achieve effective analgesia while minimizing
side effects. Opioids have long been used as analgesics,
but clonidine (CL), an alpha-2 partial agonist, has
only recently been introduced for this purpose in hu-
mans'~>: however, its combination with morphine MS)
seems to have clinical advantages because of their inter-
action in relieving pain.* ® Each type of drug produces
various but similar side effects, including sedation, car-
diovascular and respiratory depression, and constipation.
Although recent studies show that the analgesic effects
of these drugs appear to be synergistic in different animal
models.” 1° few studies have investigated other effects
of their interaction. One aspect that has been carefully
evaluated is their possible interaction in producing respi-
ratory depression. The administration of clonidine failed
to alter the respiratory depression induced by morphine
in humans,'' although this aspect is controversial. In dif-
ferent animal species (rat, mice), each drug inhibits gas-
trointestinal transit (GIT) and results in constipation.”‘
14 From a clinical point of view, this effect could assume
great importance both during acute and chronic adminis-
tration: thus, opioid-induced ileus in the postoperative
period, and constipation after chronic use, present medi-
cal and financial implications.

Since the interaction of MS and CL on antinociception
is synergistic in rodents, but no interaction has been
demonstrated for other actions, we designed a series of
experiments to document their combined effects on
constipation. Our working hypotheses was that the ef-
fects of the combination were simply additive (zero
interaction); an interaction would be present if the ob-
served effects (obtained experimentally) were signifi-
cantly different from expected, that is if they were more

or less than additive. In order to quantify the type of
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interaction, several methods of analysis could be used.
However, due to the different mechanisms of action of
MS and CL. the most reliable would be those based on
the evaluation the dose-response effects of each drug
individually and their combination. Since the type of
interaction can vary according to the drug ratios and the
level of effect,'® we utilized various MS:CL combinations
(1:1, 1:3, 1:0.3, and so on) and estimated the type of
interaction at several levels of effect (20, 50, 80%). In
addition, it has been speculated that different methods
of analysis applied to the same data could produce dif-
ferent results, and thus we attempted to quantify the
interaction of MS and CL on constipation by using more
than one approach."

This study had two purposes: to evaluate the nature
of the interaction of morphine and clonidine on GIT,
and to explore the utility and complexity of different
methods of analysis. Thus we determined the interac-
tion of morphine and clonidine on GIT using isobolo-
grams, combination indexes, and fixed-dose analysis.
We assessed the results from each of these methods
and their utility.

Materials and Methods

Estimating Gastrointestinal Transit

The study protocol was approved by the local Com-
mittee of Animal Use and Care. Experiments were per-
formed on adult male Swiss CD-1 mice, weighing 20 to
25 g. Animals were housed under 12-h light and 12-h
dark conditions in a room with controlled temperature
(22°C) and humidity (66%). Animals had free access to
food and water and were allowed to become acclimated
to their housing conditions for at least 1 week before
the study. All experiments were conducted between
9:00 A.M. and 2:00 P.M.

Before the experiments, animals were fasted for 18
h, although they had free access to water for the entire
study. Gastrointestinal transit was measured according
to procedures used in our previous studies.'*'® Briefly,
mice were given an intragastric meal consisting of 0.25
ml of a suspension of charcoal comprised of 10% vegeta-
ble charcoal in 5% gum acacia (Sigma Chemical Co., St.
Louis, MO). Animals were killed 20 min after being
given the charcoal meal. The stomach and small intes-
tine were separated from the omentum to avoid stretch-
ing. The length of the intestine from the pyloric sphinc-
ter to the ileocecal junction and the distance traveled
by the charcoal meal were measured and recorded. In
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saline-treated mice (controls), mean GIT was 48.8 +
0.9% (n = 20); the variability of the test was of 8.2%
when the coefficient of variability was estimated ac-
cording to the equation coefficient of variability = SD/
mean X 100.

The inhibitory effects of drugs on GIT are expressed
as a percentage of inhibition of the transit in a drug-
treated animal when compared with the mean transit
obtained in a group of saline-treated mice. Thus

% inhibition

= [(saline GIT — test GIT)/(saline GIT)] X 100

Experiments Performed

Several experiments were done. First, dose-response
curves for morphine and clonidine administered subcu-
taneously were obtained and their median effective
doses (EDs,s) were calculated. This was defined as the
dose of a drug, or a combination of drugs, that produces
a 50% inhibition of GIT. Similarly, the ED,, and EDg,
correspond to the doses that produce 20% and 80%
inhibition, respectively.

Second, similar curves were obtained for combina-
tions of morphine and clonidine. The actual doses used
to obtain each curve were combinations of morphine
and clonidine in which the quantities of each drug were
kept at the same ratio as their individual EDs,s. In these
experiments, three combinations were used: 1:1,
1:0.33, and 1:3 morphine-to-clonidine mixtures. Thus
the proportions used in the study are multiples of the
EDss of each drug and do not represent actual weights
(in milligrams). In both series of experiments, the po-
tencies were calculated according to the method of
Tallarida and Murray.'” The reversibility of the effects
(EDses) produced by each drug individually and their
combination in a 1:1 ratio was evaluated after adminis-
tering naloxone (a mixed opioid antagonist) and efaro-
xan (alpha-2 -imidazolin-1 antagonist).'

Third, experiments were done in which a complete
dose-response curve to morphine was obtained in the
presence of a fixed, single dose of clonidine." ™

Data Analysis

j The results are expressed as percentages of GIT inhibi-
tion. Statistical calculations were performed as de-
scribed by Tallarida and Murray.'” Effective doses (ED)
at 20%, 50%, and 80% + SEM were determined by linear
regression analysis of dose-response relations based on
at least five different doses and ten or more mice per
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MORPHINE AND CLONIDINE INTERACTION ON CONSTIPATION

dose. The reversibility of the effects of morphine, cloni-
dine, and their combination (1:1 ratio) was assessed by
one-way analysis of variance. All data points shown are
mean values = SEM, and in the figures vertical bars
represent the SEM.

To evaluate the interaction of morphine and cloni-
dine, we used three methods of analysis: isobolographic
analysis, combination indexes, and fixed-dose analysis;
in addition, we analyzed the results by a two-way aﬁaly—
sis of variance, which is a controversial method to estab-
lish drug interactions.

Construction of Isoboles. Isoboles are graphic rep-
resentations of equally effective doses of two (or more)
agents. The dose of each drug that produces a given
level of response (20%, 50%, 60%, and 80%) are plotted
on the axes of the graph. A diagonal line is drawn to
join the isoeffective doses on the axis. Doses of drug
combinations producing the same effect are then plot-
ted. Points falling on the diagonal line represent z€ro
interaction (additivity), while those located above and
below are antagonistic and synergistic, respectively.
Mean and SEM were calculated for all the doses plotted,
and points were considered to differ significantly from
additivity if their SEMs did not overlap. The diagonal
noninteraction line is described by the equation da/Da
+ db/Db = 1. The solution to the equation is called
the interaction index; if it differs from 1, an interaction
is present: either synergy (index < 1) or antagonism
(index > 1).**%

Multiple-drug Effect Analysis. For this procedure
the same dose-response curves were used. With the
curves obtained from the individual agents, a calcula-
tion was made (using Hill coefficients and EDss) of the

doses that. if combined, would produce a particular
degree of inhibition under the assumption that the
drugs were merely additive. Actual EDs,s were obtained
from the dose-response curves of the combinations of
drugs, and these doses were compared with those pre-
viously calculated. The ratio of the actual overexpected
doses is the combination index. A combination index of

1 indicates no interaction (additivity), and combination

indexes less than or greater than 1 indicate synergy

or antagonism, respectively. Combination indexes were
calculated for each of several degrees of inhibition. The
resulting graph shows the nature of the interaction at
different levels of inhibitory response. This procedure
was repeated for each of the proportions (Mor-
phine:clonidine) prc\'i()usly noted. These calculations
were performed using the computerized method of
Chou and Chou.”’
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Fixed-dose Analysis. Fixed-dose experiments com-
pare a dose response to morphine alone with a dose
response to morphine in the presence of a fixed (small)
dose of clonidine (0.013 mg/kg). When the dose-re-
sponse curve of the combination is shifted to the left,
1 more-than-additive interaction is presumed, whereas
if it is shifted to the right a subadditive interaction could
be present. To demonstrate interaction, the sum of the
effects produced by each agent alone (expected effect)
must be significantly different from the observed effect
of the combination. If the observed effects are greater
or smaller than expected, synergy and antagonism are
present.'”

Analysis of Variance. Analysis of variance deter-
mines the presence of statistical differences between
two treatment groups; in this investigation, the groups
compared were the dose-response curve of morphine
alone and of morphine in the presence of 0.013 mg/
kg clonidine. Using two-factor analysis of variance, the
effect of the treatment and dose and their interaction
were determined.?' In this calculation, a significant ef-
fect of the treatment indicates a statistical difference
between the two groups of study; a significant effect
of the dose indicates that the observed responses vary
significantly in a dose-related manner, and a significant
interaction shows that the differences between the
treatment groups depend of the dose administered. If all
terms (treatment, dose, and interaction) are significantly
different, the analysis indicates that the effects of the

combination are different from additivity, whereas if
the interaction is not statistically significant the effects
are considered additive. To identify the type of interac-
tion, the dose-response curves obtained with each treat-
ment are graphically represented. Synergy and antago-
nism are suggested by divergent curves shifted to the
left and right, respectively. However, this method is
not applicable when dose-response curves are parallel,
because it cannot differentiate between parallel-additive
and parallel-synergistic or antagonistic reactions.””

Drugs

Drugs used in the study were obtained from several
sources: morphine hydrochloride from Alcaiber S.A.,
Madrid, Spain; clonidine hydrochloride from Research
Biochemicals, Wayuland, MA; naloxone hydrochloride
from Sigma Chemical Co.; and efaroxan hydrochloride
from Research Biochemicals. All drugs and their combi-
nations were prepared in pyrogen-free water just before
use and administered in a final volume of 10 ml/kg.
Agonists were injected subcutaneously at the nape of
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Table 1. Potency of Morphine (MS) and Clonidine (CL) at
Different Levels of Effect

ED., (mg-kg )  EDso (Mg-kg ')  EDgo (Mg-kg ')
Morphine 0.317 = 0.134 1.61 = 0.48 816+ 2.31
Clonidine 0.021 + 0.015 0.101 = 0.006 0.50 = 0.32
Ratio of MS/CL 15:1 16.1 16.3

ED values were obtained from the log dose-response curves of MS and CL,
and represent the mean = SEM.

the neck 30 min before the administration of charcoal,
and antagonists were given intraperitoneally 15 min be-
fore the marker.

Results

Dose - Response Curves to Morphine

and Clonidine

Morphine and clonidine produced dose-related inhibi-
tion of GIT, with correlation coefficients of 0.98 and
0.99, respectively. Statistical analysis of the curves re-
vealed that their slopes were not significantly different,
demonstrating parallelism (42.5 = 7 and 44.5 = 4.8 for
morphine and clonidine, respectively). To compare the
potencies of each drug at different levels of effect, effec-
tive doses at 20%, 50%, and 80% response were calcu-
lated (table 1). The results show that at all levels of
effect, clonidine was approximately 15 times more po-
tent than morphine in inhibiting GIT.

Dose - Response Curves to Morphine and

Clonidine at Fixed Ratios

Dose-response curves were obtained for combina-
tions of morphine and clonidine in three proportions.
These were chosen to evaluate the type of interaction
when (1) the proportion of the drugs was the same
(i.e., EDs,s of each drug at a 1:1 mixture), (2) there was
a surplus of morphine (EDs,s in a ratio of 1:0.33), and
(3) there was a similar surplus of clonidine (EDs,s in a
ratio of 1:3). Thus the proportions used in the study
are multiples of the EDsys of each drug and do not
represent actual weights (in milligrams). In con-
structing the curves, each point was a mixture of mor-
phine and clonidine fixed at the previously noted pro-
portions. Figure 1 shows linear log dose-response
curves for the three combinations of morphine and
clonidine. The curves obtained for 1:3 and 1:0.33 mix-
tures were linear between 20% and 80% of the maximal
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response. When the drugs were used in a 1:1 propor-
tion, the dose-response curve showed a plateau at ap-
proximately 60% effect. Thus with this particular mix-
ture a higher level of response was unattainable. From
these curves we calculated the actual amounts of mor-
phine and clonidine (in each of the combinations) that
produced a 20%, 50%, or 80% response (values dis-
played in table 2). In determining the ED,, and EDs, of
the 1:1 proportion, data points greater than 1.28 mg/
kg (plateau; fig. 1) were not included because they
skewed the calculations. The columns in table 2 repre-
sent particular levels of response, and each pair of doses
of morphine to clonidine within a column produced
the same effect. These values were used to evaluate the
type of interaction by the construction of isobolograms

100
¥ MS-CL 1:8

@ MS-CL 1:1
& M8-CL 1:0.33

80

60

40

Inhibition of gastrointestinal transit (%)

20

- O - (=]
R e i

Dose (mg.kg-1)

Fig. 1. Log dose-response curves of morphine (MS) and cloni-
dine (CL) combined at proportions of 1:3 (triangles), 1:1 (cir-
cles), and 1:0.33 (squares). The abscissa represents the sum of
the doses of morphine and clonidine (measured in milligrams
per kilogram), and the ordinate the percentage inhibition of
gastrointestinal transit. Each point is the mean + SEM of ten
or more mice.
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Table 2. Potency of Morphine (MS) and Clonidine (CL) in Different Proportions and at Three Levels of Response

Proportion MS/CL ED2 (Mg-kg ™) EDso (Mg-kg ™) EDgo (Mg - kg ')
1:3 MS 0.0093 + 0.002 0.063 + 0.006 0.77 + 0.35
CL 0.0025 + 0.0001 0.059 + 0.004 0.68 + 0.30
1 MS 0.1028 + 0.02 0.44 + 0.02 —
CL 0.0056 + 0.001 0.028 + 0.003 —
1:0.33 MS 0.391 + 0.06 1.72 + 0.26 7.61 +2.90
GlE 0.0016 = 0.0002 0.007 + 0.001 0.0321 + 0.005

Va|ue§ were obtained from the log dose-response curves depicted in fig. 1. Each pair of values shows the individual doses of MS and CL that must be
combined to produce the indicated level of response. The EDg, of the 1:1 proportion was unobtainable.

and by multiple-drug-effect analysis (combination in-
dexes).

Isobolographic Analysis of the Interaction of
Morphine and Clonidine
Isoboles were constructed for 20%, 50%, 60%, and
80% levels of response. Figures 2 and 3 show a series
of isoboles with the ordinate and abscissae representing
the doses of clonidine and morphine, respectively. In
all four graphs, the zero interaction line connects the
doses of each agent that produced a given level of re-
sponse; points located at the right and left of the zero
interaction line show antagonism and synergy, respec-
tively. In figure 2, the concave-up lines show the iso-
boles at 20% and 50% responses. Figure 3 displays iso-
boles for 60% and 80% levels of response; We plotted
the EDy,s obtained from the dose-response curves of
the 1:3 and 1:0.33 mixtures (fig. 1). However, with the
1:1 mixture, an 80% effect was unattainable and thus,
for this specific combination, we represented the maxi-
mal effect obtained with the combination (EDgo; that
is, the response to the highest total dose on the plateau).
The results show that at high levels of response (60%
and 80% of maximum effect), the interaction is antago-
nistic when drugs are combined in 1:1 and 1:3 ratios.
In table 3 we present a summary of the results of the
isobolographic analysis of the combination of morphine
and clonidine. The table shows that when morphine is
combined with a small dose of clonidine (as in the
1:0.33 proportion), the drugs do not interact and their
effects are additive. In contrast, combining morphine
with larger doses of clonidine (1:3 and 1:1 proportions)
produces an interaction that depends on the level of
effect. Thus, at responses that are equal or less than half
maximal (ED,, to EDsq), the interaction is synergistic,
whereas at high levels of response (more than EDs) the
interaction is antagonistic (fig. 3). In table 3, interaction
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indexes were calculated according to the noninterac-
tion inequality (see Materials and Methods).

Multiple-drug-effect Analysis (Combination

Indexes) of Morphine and Clonidine

Figure 4 shows combination indexes (an indication
of the nature of the interaction) at different degrees
of inhibition. The combination indexes for levels of
inhibition that were less than 20% or more than 80%
are extrapolations from actual experimental data. When
morphine and clonidine were combined in a 1:0.33
proportion, the interaction was antagonistic up to 60%
inhibition, at which point it became synergistic. Combi-
nations of drugs in a 1:3 proportion showed synergism
at 75% or less effect and antagonism thereafter. Finally,
in the 1:1 mixture of the interaction between 20% and
60%, inhibition is synergistic. Points greater than 60%
effect are not shown because these levels of response
were unattainable. Table 4 summarizes the results
showing the type of interaction at 20%, 50%, and 80%
inhibition. Combination indexes were generated ac-
cording to the method of Chou and Chou.**

Dose - Response Curve of Morphine in the

Presence of a Fixed Dose of Clonidine

Figure 5 shows log dose-response curves of morphine
alone and in the presence of 0.013 mg/kg clonidine.
Clonidine induced a shift to the left of the dose-response
curve to morphine at doses of morphine ranging from
0.16 to 0.81 mg/kg. However, at large doses of mor-
phine (1.8 to 9.1 mg/kg), the presence of clonidine
induced a plateau in the curve.

According to the fixed-dose analysis (see Materials and
Methods), synergy is present if the dose-response curve
of the combination is displaced to the left, and if the
sum of the observed effects of each agent individually
(at each point tested) is smaller than the effect of the
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0.021

clonidine (mg.kg-1)

+ (1:1)

0.31

morphine (mg.kg-1)

clonidine (mg.kg-1)

morphine (mg.kg-1)

Fig. 2. Isobolographic representation of the interaction of
morphine and clonidine at 20% and 50% levels of response.
In both graphs, the axis indicate the mean doses (= SEM) of
morphine (abscissa) and clonidine (ordinates) that produced
20% or 50% of maximal response when administered sepa-
rately. Bold diagonal lines connect equieffective doses of each
drug alone and designate additivity (no interaction). All points
in the graphs were obtained by plotting each of the paired
values + SEM found in table 2 (morphine:clonidine in different
proportions), and concave-up lines are the isoboles of mor-
phine and clonidine at the indicated levels of response.

combination. Conversely antagonism is manifested in
the graph by a curve negatively displaced, where in-
creasing doses of morphine in the presence of clonidine
produce less effect than morphine alone. In our experi-
ments, a dose of 0.013 mg/kg clonidine produced a 6.1
+ 1.5% inhibition of GIT. When the effect produced by
clonidine alone (6%) was added to the effect produced
by each dose of morphine alone up to 0.81 mg/kg,
the observed effects of the combinations were always

Anesthesiology, V 85, No 6, Dec 1996

greater than expected. However, at larger doses of mor-
phine (between 3 and 10 mg/kg), the observed effects

were smaller than expected, demonstrating antago-

nism.
Because the curves obtained in these experiments

(fig. 5) were not parallel, an analysis of variance could
be used to document an interaction. Because of the
plateau obtained with the combination, each segment
of the curve was analyzed separately by two-way analy-
sis of variance. At lower doses, the analysis showed

(1:1&

clonidine (mg.kg-1)

o
8

ED
60

1v 2 ) morphine (mg.kg-1)

(1:9)

g

ED
80

clonidine (mg.kg-1)

(1:.03)

T

morphine (mg.kg-1) 8.18

Fig. 3. Isobolographic representation of the interaction of
morphine and clonidine at 60% and 80% levels of response.
In both graphs, the axis indicates the mean doses (= SEM) of
morphine (abscissa) and clonidine (ordinates) that individu-
a.lly produced 60% or 80% of maximal response. Diagon?
lines connect equieffective doses of each drug alone and desig-
nate additivity. All points were obtained by plotting the values
+ SEM from figure 1 (EDy,) and table 2 (EDg,). At both levels
of effect, morphine and clonidine combined in 1:1 and 1:3
ratios showed antagonism.
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Table 3. Summary of the Results of the Isobolographic
Analysis of the Combination of Morphine (MS) and
Clonidine (CL), Showing the Nature of Their Interaction

Table 4. Summary of the Results of the Multiple Drug Effect
Analysis Using Combination Indexes According to the
Method of Chou and Chou™

Proportion MS/CL ED2o EDso EDgo Proportion MS/CL EDyo EDso EDsgo
1:3 Synergy Synergy Antagonism 1:3 Synergy Synergy Antagonism
(0.15) (0.63) (1.45) (0.30) (0.59) (1.13)
121 Synergy Synergy NA 151 Synergy Synergy NA
(0.57) (0.55) (0.30) (0.66)
1:0.33 Additive Additive Additive 1:0.33 Antagonism Antagonism Synergy
(1.31) (1.10) (0.99) (1.45) (1.13) (0.89)

NA = not available (see fig. 3). Synergy and antagonism represent statistically
significant deviations from additivity with a P < 0.05. Values in parentheses
show interaction indexes.

Combination Index

4 30 4 60 75 90
Percent Inhibition

Fig. 4. Multiple-drug-effect analysis of combinations of mor-
phine and clonidine. Combination indexes (CD) are plotted
(ordinate) at various degrees of inhibition (abscissa) for the
three mixtures of drugs. A combination index of 1 indicates
no interaction (additive), and values above and below the hori-
zontal line indicate antagonism and synergy, respectively.
Combination indexes for levels of inhibition less than 20% or
more than 80% are extrapolated from actual experimental
data obtained using the computerized method of Chou and

Chou.*
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MS = morphine; CL = clonidine; NA = not available. The method of calcula-
tion does not permit statistical analysis. Numbers in parentheses are the
combination indexes generated by the method of Chou and Chou.?** Values
above and below 1 indicate antagonism and synergy, respectively.

significant effects of treatment, dose, and their interac-
tion (P < 0.0001). At higher doses, no significant effect
of the treatment was observed (P < 0.77), whereas the
dose (P < 0.001) and the interaction (P < 0.0001)
remained very significant. Thus the analysis suggests
that at levels of effect less than 60% the interaction is
synergistic, whereas it becomes antagonistic thereafter.

Pharmacologic Antagonism of the Effects by

Naloxone and Efaroxan

The effects on GIT produced by the EDs¢$ of mor-
phine, clonidine, and their combination (at 1:1 ratio)
were evaluated after administering naloxone (0.1 mg/
kg) and efaroxan (2 mg/kg). The doses of antagonists
were selected based on previous studies with these
agents and their ability to antagonize the effects medi-
ated at mu, delta, and kappa opiate receptors (nalox-
one),'"'¢ and alpha-2 -imidazoline-1 sites (efaroxan).'
Figure 6 shows that the administration of naloxone and
efaroxan (solid bars) did not alter percentage GIT in our
experimental model. Naloxone completely reversed the
effects of morphine, but did not alter those of clonidine
or the morphine - clonidine combination. On the other
hand, efaroxan antagonized the effects of clonidine and
the morphine and clonidine mixture.

Discussion

In the treatment of pain, a widely used therapeutic
strategy is to combine drugs with similar actions in an
attempt to preserve or enhance their analgesic action
and minimize side effects.”**” Opioids and alpha-2 ago-
nists are both used as analgesics, and recent reports
suggest that when used in combination, they produce
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100

Inhibition of gastrointestinal transit (%)

+MS
X MS-CL

.158.237 .35 .53 .8 1.8 3 5§ 7 10

Dose (mg.kg-1)

Fig. 5. Log dose-response curves to morphine alone (open
circles) and morphine in the presence of a fixed dose (0.0138
mg/kg) of clonidine (filled circles). In the ordinates we have
represented percentage inhibition of GIT, and in the abscissa
log doses in milligrams per kilogram are shown. Each point
is the mean + SEM of ten or more mice.

a more potent and longer lasting analgesia.”>**" In addi-
tion to analgesia, both drugs can cause ileus or constipa-
tion by inhibiting gastrointestinal motility. Our study
documented the effect of clonidine and morphine on
GIT in mice and investigated their interaction when
both drugs are used together.

Systemic administration of morphine and clonidine
produce a dose-related antinociceptive effect in various
species and tests. For example, studies conducted in
our laboratory showed that morphine was effective in
mice when using three different nociceptive stimuli
(chemical, thermal, and pressure). In these experi-
ments, the EDs, of morphine varied with the stimuli
used: 0.78, 1.77, and 1.02 mg/kg in the writhing, tail-
flick, and tail-pinch tests, respectively.” The data show

Anesthesiology, V 85, No 6, Dec 1996

that the EDs, of morphine in the mousc tail-flick test was
similar to the EDs, for inhibiting mouse GIT reported in
this study (1.61 = 0.48 mg/kg). Similarly, the EDs, for
the amix;ociccptive effect of clonidine has been re-
ported to be 0.03 and 0.108 mg/kg in the writhing and
tail-flick tests, respectively™ 31- in our study, the EDs, of
clonidine in mouse GIT was 0.101 = 0.006 mg/kg. Thus
the analgesic potencies of morphine and clonidine in
the tail-flick test (a thermal spinal reflex model) closely
resemble their potencies for inhibiting GIT.

Studies of the effects of combinations of systemically
administered opiates and alpha-2 agonists have demon-
strated synergy in the rat tail-flick® and hot-plate tests.’
In the latter report, clonidine and morphine were ad-
ministered in four dose combinations. In two of these
mixtures (1:10 and 1:30 clonidine:morphine), isobolo-
grams of EDs,s show synergistic interactions, whereas
other mixtures (1:100 and 1:3 clonidine:morphine)
were found to be additive. In our study, the effects of
combinations of clonidine and morphine on GIT re-
vealed interactions that were similar to those reported
for antinociceptive activity, but the differences in spe-
cies and dose mixtures prevent definitive conclusions
concerning the optimal proportions of each drug (doses
producing the greatest analgesia with the smallest effect
on gastrointestinal motility).

In our study, morphine and clonidine interacted in a

70

l:DVE Swms Oc. Mms+cL

D
o
ol loes

Gastrointestinal transit (%)
N w 8 (62
o o o)
] | | 1

o
1

0

saline naloxone efaroxan

Fig. 6. Pharmacologic antagonism for the median effective
doses of morphine, clonidine, and their 1:1 combination by
naloxone and efaroxan. In the ordinates we have repl'escnted
percentage gastrointestinal transit, and in abscissa the differ-
ent groups of study are shown. Each bar represents the mean
+ SEM of ten or more mice. *P < 0.05 when compared With
vehicle (Student’s Newman-Keuls test). Naloxone was given *
0.1 mg/kg and efaroxan at 2 mg/kg.
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MORPHINE AND CLONIDINE INTERACTION ON CONSTIPATION

manner that depended on the proportions of each drug
an on the level of response. When drugs were mixed
in ratios of 1:3 and 1:1, isobolograms and multiple-drug-
effect analysis demonstrated similar results; that is, syn-
ergy at or below EDs,s and antagonism at high levels
of response. In evaluating the interaction(s), our use of
the term antagonism makes no assumption about the
mechanism of the interaction but merely describes a
response than is less than additive. When morphine was
in excess (1:0.33 ratio), the interaction was difficult to
analyze. This could be attributed to the definition of
synergy and antagonism used in isobolographic analysis,
each being a statistically significant deviation from the
line that designates zero interaction (additivity). Thus
in table 3, synergy and antagonism were established
when the values in the combinations were significantly
different from the zero interaction line. Combinations
that were considered additive did not significantly devi-
ate from this line and consequently could represent the
absence of an interaction, or an interaction that was
masked by the size of the SEM.

To determine the presence and type of interaction,
we used different methods of analysis. When analyzing
combinations of drugs with different mechanisms of
action, a generally accepted approach is the construc-
tion of isobolograms, which can show the presence or
absence of an interaction. This method has the advan-
tages of not being dependent on the mechanism of
action of the drugs involved or on the shape of their
dose-response curves, and it also permits a statistical
evaluation of the results. Thus, with our experimental
conditions, the use of isobolograms was particularly
suitable to establish the type of interaction when these
two drugs were used in combination. However, the
simplicity of our experimental model and the similarity
(parallelism) of the dose-response curves of morphine
and clonidine alone allowed us to use other methods
of analysis (multiple-drug effect, fixed dose, analysis of
variance). These methods have advantages and defi-
ciencies: although isobolograms enable us to identify
the nature of the interaction with some statistical cer-
tainty, they do not permit us to extrapolate to other
levels of response or drug ratios. In contrast, multiple-
drug-effect analysis does not allow a statistical compari-
son, but it does differ from isobolograms in its ability

to demonstrate trends that can later be tested.

Fixed-dose analysis (using different dose ratios) uses

a simple experimental design that is valuable in clinical
settings. By comparing the expected and o
fects statistically, it also permits us to demonstrate the

bserved ef-
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type of interaction. In our experiments, the results we
obtained using this method corroborated the results of
the isobolographic analysis: mainly that at low levels of
response the interaction between morphine and cloni-
dine was synergistic and it became antagonistic when
the response was 60% or more of maximal response.

The analysis of variance has been criticized because

it can only be used with drugs with dose-response
curves of a similar general type.'® Furthermore, when
the dose-response curves of the individual agents and
the combinations of agents are parallel, the method
cannot be used to establish the presence of an interac-
tion (see Materials and Methods). However, in our
study, the dose-response curves to morphine and the
morphine:clonidine combination were not parallel (fig.
5), and thus a two-way analysis of variance could be
applied. The results were consistent with those ob-
tained with the other methods of analysis: synergy at
low levels of response and antagonism at high levels of
response. However, the ratios of morphine and cloni-
dine used in the fixed-dose and in the analysis of vari-
ance experiments were not analogous to those used
in previous experiments. Because of this disparity, we
could not make a detailed comparison with the results
obtained from isobolograms or multiple-drug-effect
analysis.

When the results are evaluated globally, all methods
of analysis showed a synergistic interaction between
MS and CL when the level of response was 50% or less
of maximum effect, and it became antagonistic at levels
of response that were more than 50% of maximum.
Thus. even if the different analytical methods produced
similar results, only isobolograms permitted us to reach
unequivocal conclusions (with a certain probability)
about the type of interaction at a particular drug ratio
and level of response.

The pharmacologic antagonism of the effects of mor-
phine and clonidine alone by naloxone and efaroxan
shows that, in our experimental conditions, no signifi-
cant cross-antagonism occurred between the alpha-2-
imidazoline and opioid systems. The results correlate
with those obtained by other investigators in different
models.'” When the morphine:clonidine combination
(1:1 ratio) was evaluated, efaroxan completely reversed
the effects on GIT, whereas naloxone failed to do so.
This finding suggests a primary or predominant role of
the alpha-2 system for this particular combination. The
ability of one specific antagonist to reduce the effect
of the combination further supports a synergistic inter-

action at this level of response'”** and suggests a poten-
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tial use of alpha-2 antagonists to treat constipation in-
duced by this combination of agents. Despite of the
results of our study, we cannot speculate about the
mechanism of action of the morphine:clonidine combi-
nation.
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