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HUGHES, C. E., T. HABASH, L. A. DYKSTRA AND M. J. PICKER. Discriminative-stimulus effects of morphine
in combination with o- and B3-noradrenergic agonists and antagonists in rats. PHARMACOL BIOCHEM BEHAYV $§3(4)
979-986, 1996. — Studies have shown that the noradrenergic system is involved in the analgesic effects of opioids and in the
expression and development of physical signs of opioid withdrawal. The purpose of the present experiment was to determine
if the noradrenergic system was involved in the discriminative effects of morphine in rats trained to discriminate 5.6 mg/kg
morphine from saline under a fixed-ratio schedule of food presentation. A range of doses of morphine (0.3-10.0 mg/kg)
produced dose-dependent increases in morphine-appropriate responding without substantial decreases in response rate. Sev-
eral experiments were conducted to determine whether a number of noradrenergic agonists and antagonists 1) substitute for
morphine or 2) alter the discriminative-stimulus effects of morphine when administered concurrently. The «, agonist clonidine
(0.003-0.1 mg/kg), the o, antagonist prazosin (0.1-10.0 mg/kg), the «, antagonist yohimbine (0.1-10.0 mg/kg), the 3, agonist
salbutamol (0.03-10.0 mg/kg), and the 8 antagonist propranolol (1.0-10.0 mg/kg), neither substituted for morphine nor
altered the discriminative-stimulus effects of morphine when administered in combination. These data suggest that the

noradrenergic system is not involved in the discriminative-stimulus effects of 5.6 mg/kg morphine in rats.

Yohimbine
Rats

Noradrenergic Clonidine Prazosin
Drug discrimination Fixed-ratio schedule

Propranolol Salbutamol Morphine

SEVERAL studies show that the noradrenergic and opioid
systems interact in a complex manner. For example, opioids
have been shown to inhibit noradrenergic activity in rat hippo-
campus (19), cortex (37), and in the locus coeruleus of rats
(32) and cynomolgus monkeys (2). Morphine and fentanyl
also tend to inhibit norepinephrine release from human neuro-
blastoma cells (3,14). Moreover, these interactions between
noradrendergic and opioid systems are often reversible with
opioid antagonists.

The noradrenergic and opioid systems also interact at the
behavioral level. The a,-noradrenergic agonists, clonidine and
ST-91, enhance morphine’s antinociceptive effects in rats and
mice (4,24,27,38). In contrast, yohimbine, an «,-noradre-
nergic antagonist, attenuates morphine’s antinociceptive ef-

fects in rats (4,10). Also, rats tolerant to the antinociceptive
effects of morphine are crosstolerant to the effects of ST-91
(34), norepinephrine (22), and clonidine (33). Moreover, rats
tolerant to the antinociceptive effects of clonidine are crosstol-
erant to the effects of morphine (25).

The noradrenergic and opioid systems also are involved in
the development and expression of opiate dependence. Cloni-
dine attenuates some of the signs of morphine withdrawal in
rats (7,9,15), hamsters (29), and rhesus monkeys (13), as well
as the signs of methadone and morphine withdrawal in hu-
mans (5,8,12). Acute administration of yohimbine increases
the physical effects of morphine withdrawal in rats (6), and
repeated administration of yohimbine following a bolus dose
of morphine significantly attenuates physical signs of mor-
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phine withdrawal in rats, suggesting that «, receptors are in-
volved in the development of physical dependence upon opi-
oids (10,35).

In order to characterize interactions between the opioid
and noradrenergic systems further, the discriminative-stimu-
lus effects of morphine alone and in combination with several
noradrenergic agonists and antagonists were examined in the
present experiment. If the noradrenergic system is involved in
the expression of the discriminative-stimulus effects of mor-
phine, then noradrenergic agonists might be expected to sub-
stitute for morphine. It has been demonstrated that clonidine,
an «, agonist, substitutes for morphine under some condi-
tions, but not other conditions (16,17,21). Further, noradren-
ergic agonists and antagonists might be expected to potentiate
or antagonize the discriminative-stimulus effects of morphine
when administered in combination with morphine.

In the present experiment, several noradrenergic agonists
and antagonists that are selective for o- and f-receptor sub-
types were examined. The noradrenergic compounds included
the o, agonist clonidine, the o, antagonist prazosin, the «,
antagonist yohimbine, the 8, agonist salbutamol, and the 3
antagonist propranolol. First, the noradrenergic compounds
were administered alone to determine if they would substitute
for morphine. Second, to determine if any of the noradrener-
gic compounds would alter the discriminative-stimulus effects
of morphine, selected doses of the noradrenergic compounds
were administered concurrently with a range of doses of mor-
phine.

METHODS
Subjects

Thirteen male experimentally naive Long-Evans hooded
rats (Charles River, Wilmington, MA) were maintained at ap-
proximately 300-350 g through food obtained in the experi-
mental session and restricted postsession feeding of Protein
Rat Chow®. When not in experimental sessions, rats were
housed individually in a colony room (12 L : 12 D cycle) with
continuous access to water.

Apparatus

Experimental sessions were conducted in eight two-lever
operant chambers. The levers were 6.0 cm apart on the front
wall, 2.0 cm from either side wall, and 7.0 cm above the floor.
Two red or white stimulus lights were located above the left
and right levers, respectively. Two white house lights were
located on the ceiling in the rear of the chamber. Responses
on either lever with a force greater than 0.44 N operated a
micro switch and were counted as responses. A pellet dis-
penser could deliver 45-mg Noyes pellets in a 4.5 X 4.5 cm
receptacle located in the front wall 1.0 cm above the floor. A
Sonalert® was located above the receptacle and was operated
for 100 ms when a pellet was delivered. The chambers were
located in a room with white noise continuously present. Con-
tingencies were programmed and data were collected by MED-
PC™ software (Georgia, VT) and a MED Associates interface
located in a different room.

Procedure

Rats were trained to eat from the receptacle and then to
press both response levers. During these sessions the stimulus
lights located above cither the right or left lever (alternated
across sessions) and the house light were illuminated. Re-
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sponses on the lever located below the illuminated lights were
reinforced. The number of responses required for food pre-
sentation was increased gradually over several sessions until
responding was maintained by a fixed-ratio 20 (FR20) sched-
ule of food presentation on both levers. Then 3.0 mg/kg mor-
phine or distilled water was injected IP 30 min prior to the
start of the session; rats remained in their home cages during
the 30 min. When 3.0 mg/kg morphine was administered prior
to sessions, food presentation was contingent on completion
of an FR20 on one lever; when distilled water was adminis-
tered prior to sessions, food presentation was contingent on
completion of an FR20 on the other lever. During these ses-
sions the set of lights above each lever and the house light
were illuminated. The type of injection that was administered
was determined semirandomly, with the restrictions that nei-
ther morphine nor distilled water could be administered prior
to three consecutive sessions and that there was an approxi-
mately equal number of each type of injection over a 30-
session period. After at least 20 sessions, the dose of morphine
administered prior to sessions was increased to 5.6 mg/kg,
and remained as such for the remainder of the experiment.
Sessions were 20 min in length and were run 5 days a week at
approximately the same time of day.

Responding was considered under discriminative control of
the type of injection when the mean percentage of responses
that occurred on the injection-appropriate lever both before
the first reinforcer delivery and across the session for 10 con-
secutive sessions was at least 80%. Once these criteria were
met, testing was initiated. During these test sessions, both sets
of stimulus lights and the house light were illuminated and
completion of an FR20 on either lever was reinforced. Test
sessions also were 20 min in length and occurred on Tuesdays
and Fridays if at least 80% of the responses before the first
reinforcer occurred on the injection-appropriate lever and re-
sponse rates were within the control range on the immediately
preceding Monday or Thursday, respectively. First, the mor-
phine dose-effect curve was determined in all rats. Then, rats
were divided into groups (n = 4-6). Doses of clonidine, pra-
zosin, propranolol, salbutamol (albuterol), or yohimbine were
administered IP 30 min prior to the beginning of test sessions
alone and then in combination with a range of doses of mor-
phine. All dose combinations of a specific noradrenergic com-
pound and morphine were tested in an individual rat before
another compound was tested. After a range of doses of pra-
zosin was administered in combination with a range of doses
of morphine, 10.0 mg/kg prazosin was administered alone.
Two rats died a few days after this administration and, there-
fore, 10.0 mg/kg prazosin was not tested in combination with
doses of morphine. One rat died a day after administration
of 10.0 mg/kg propranolol in combination with 10.0 mg/kg
morphine, and, therefore, propranolol could not be tested in
combination with 0.3 mg/kg morphine in this rat.

Drugs

Clonidine HCl, propranolol HCI, salbutamol (albuterol)
hemisulfate, yohimbine HCI (all from Research Biochemicals
International, Natick, MA), prazosin HCI (Sigma Chemical
Co., St. Louis, MO), and morphine sulfate (provided by the
National Institute on Drug Abuse, Rockville, MD) were dis-
solved in distilled water. Doses are expressed in terms of the
salt. Drugs were administered in a constant injection volume
of 1.0 ml/kg b.wt. Because the largest concentration of pra-
zosin possible was 3.0 mg/ml, multiple injections were given
when larger doses were administered.
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FIG. 1. Average dose-effect curves for morphine (filled circles), clonidine (open circles), prazosin (filled triangles), yohimbine (open
triangles), propranolol (filled diamonds), and salbutamol (open diamonds). Abscissa: dose of drug expressed as mg/kg. Ordinate on
upper panels: mean percentage of morphine-appropriate responses before the first reinforcer. Ordinate on lower panels: mean response
rate (R/s) across the session. Symbols above TD and W represent mean percentage morphine-appropriate responses before the first
reinforcer or responses/s from all training sessions in which 5.6 mg/kg morphine (TD) or distilled water (W) was administered, respec-
tively, during the time period in which the dose-effect curves were determined. Each point represents an average of at least two
determinations of morphine in 13 rats, of clonidine, prazosin, and salbutamol in 5 rats, of yohimbine in 6 rats, and of propranolol in 4

rats. Error bars indicate +1 SE.

Data Analysis

The percentage of responses on the injection-appropriate
lever prior to the first reinforcer were calculated for individual
rats by dividing the total number of responses on the injection-
appropriate lever by the total number of responses prior to the
first reinforcer. These data are expressed as percentage of
morphine-appropriate responses. Overall response rates were
calculated for individual rats by dividing the number of re-
sponses that occurred during the session by the time spent in
the session and were expressed as responses per second (R/s).
The dose of morphine or morphine in combination with a
dose of a noradrenergic compound that occasioned 50% mor-
phine-appropriate responding (i.e., the ED;, value) and 95%

confidence intervals (CI) were calculated by log-linear interpo-
lation using at least 2 points on the ascending portion of the
dose-effect curve. Shifts in the dose-effect curves were con-
sidered significant if the 95% CIs did not overlap.

RESULTS

Figure 1 shows percentage of morphine-appropriate re-
sponding (upper panels} and responses/s (lower panels) as a
function of dose of morphine. Morphine dose dependently
increased the percentage of morphine-appropriate responding
at doses that did not substantially decrease response rates.
Figure 1 also shows the effects of the «, agonist clonidine, the
«, antagonist prazosin, and the «, antagonist yohimbine. In
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general, these drugs occasioned predominantly water-appro-
priate responding. That is, a large percentage of responses
before the first reinforcer was on the lever associated with
water injections. The highest percentage of morphine-appro-
priate responding (44.3%) was occasioned by 0.1 mg/kg cloni-
dine; a dose that substantially decreased response rates in
three rats and completely eliminated responding in the other
two rats. Response rates also were dose dependently decreased
by prazosin and yohimbine.

Figure 1 also shows the effects of the 8, agonist salbutamol
and the § antagonist propranolol. A dose of 0.1 mg/kg salbu-
tamol occasioned a mean of 61.2% morphine-appropriate re-
sponding. Lower and higher doses occasioned predominately
water-appropriate responding in all rats. Propranolol occa-
sioned predominantly water-appropriate responding across
the dose range tested. Response rates did not decrease across
the dose range of salbutamol and propranolol tested; higher
doses were not administered because of potential toxicity.
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Figures 2 and 3 show percentage of morphine-appropriate
responding (upper panels) and response rate (lower panels)
when various doses of the a- (Fig. 2) and B-noradrenergic
compounds (Fig. 3) that did not substantially decrease re-
sponse rates when given alone were tested in combination with
morphine. In general, dose-effect curves for the percentage of
morphine-appropriate responding were not affected by the
concurrent administration of any of the noradrenergic com-
pounds. There were a few exceptions to this general obser-
vation. First, when 0.03 mg/kg clonidine was combined with
0.3 mg/kg morphine, the mean percentage of morphine-
appropriate responding was greater than that observed with
morphine alone. It is important to note that response rates
were decreased markedly by this clonidine/morphine combi-
nation. Second, when 0.3 and 3.0 mg/kg prazosin were com-
bined with the training dose of morphine, less than 80% mor-
phine-appropriate responding was occasioned. Again, it is
important to note that response rates were decreased by these
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FIG. 2. Average dose-effect curves for morphine alone (filled circles) and morphine in combination with various doses of clonidine (left
panel), prazosin (middle panel), and yohimbine (right panel). Each point represents one determination of a dose of morphine and a dose of
clonidine or of prazosin in five rats or of yohimbine in six rats. Figure specifics are the same as in Fig. 1. Open circles above TD and W
represent mean percentage morphine-appropriate responses before the first reinforcer or responses/s from all training sessions in which 5.6
mg/kg morphine (TD) or distilled water (W) was administered, respectively, during the time period in which all of the combination dose-effect
curves were determined.
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FIG. 3. Average dose-effect curves for morphine alone (filled circles) and morphine in combination
with various doses of propranolol (left panel) and salbutamol (right panel). Each point represents one
determination of a dose of morphine and a dose of propranolol in four rats (except the open symbols
above 0.3 mg/kg morphine, which are means from three rats) or of salbutamol in five rats. Figure

specifics are the same as in Fig. 1.

prazosin/morphine combinations. Third, when 0.3 mg/kg yo-
himbine was combined with doses of morphine lower than the
training dose, morphine-appropriate responding was greater
than that observed with morphine alone (Fig. 2). Fourth,
when 10.0 mg/kg propranolol was combined with morphine,
morphine-appropriate responding was greater than that ob-
served with morphine alone (Fig. 3).

Although the above individual doses of the noradrenergic
compounds changed the discriminative-stimulus effects of
one to three doses of morphine, Table 1 shows that there were
no significant alterations of the morphine dose-effect curves.
That is, the 95% Cls for the ED,, values obtained when mor-
phine was administered alone and in combination with the
noradrenergic compounds overlapped in each case. Because
of the nature of the dose-effect curve when 10.0 propranolol
was combined with morphine, the ED;, value was estimated as

less than 0.3 mg/kg morphine; 95% ClIs could not be calcu-
lated.

DISCUSSION

The present experiment demonstrated that a dose of 5.6
mg/kg morphine can serve as a discriminative stimulus in rats.
These data are consistent with previous studies that have ex-
amined the discriminative-stimulus effects of morphine in rats
(27,40). In general, the «, antagonist prazosin, the o, antago-
nist yohimbine, the 8, agonist salbutamol, and the 8 antago-
nist propranolol did not substitute for morphine. Taken to-
gether, these data suggest that noradrenergic agonists and
antagonists do not share discriminative-stimulus effects with
5.6 mg/kg morphine.

In the present study, clonidine showed partial substitution
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TABLE 1

ED,, VALUES (95% Cl) FOR PERCENTAGE OF
MORPHINE-APPROPRIATE RESPONDING WHEN
MORPHINE WAS ADMINISTERED ALONE AND
IN COMBINATION WITH DOSES OF THE
NORADRENERGIC COMPOUNDS

Morphine

Morphine

Morphine

+ 0.0 Clonidine

+ 0.003 Clonidine

+ 0.01 Clonidine
+ 0.03 Clonidine
+ 0.0 Prazosin
+ 0.1 Prazosin
+ 0.3 Prazosin
+ 1.0 Prazosin
+ 3.0 Prazosin
+ 0.0 Yohimbine
0.1 Yohimbine
0.3 Yohimbine
+ 1.0 Yohimbine

+
-+

Morphine

+
+
+
+
Morphine +
+
+
+
+

0.0 Propranolol
1.0 Propranolol
3.0 Propranolol
10.0 Propranolol
0.0 Salbutamol
0.1 Salbutamol
0.3 Salbutamol
1.0 Salbutamol
3.0 Salbutamol

1.49 (0.76-2.91)
1.32(0.79-2.21)
1.44(0.53-3.91)
*
1.71 (0.93-3.15)
1.72 (0.65-4.56)
4.17 (0.86-20.29)
2.75 (1.54-4.93)
5.07 (2.12-12.14)
1.85 (1.13-3.04)
3.06 (0.84-11.15)
1.31 (0.50-3.43)
1.61 (0.76-3.44)
2.47 (1.45-4.22)
2.70 (1.10-6.62)
2.22(1.61-3.05)
<0.3t
2.03 (1.18-3.50)
3.92 (2.54-6.02)
2.56 (1.16-5.66)
1.47 (0.31-6.93)
1.94 (0.82-4.59)

*Could not be determined.
tEstimated.

for morphine; however, substitution only occurred at the
highest dose (0.1 mg/kg) tested. This dose of clonidine sub-
stantially decreased response rates in three rats and completely
eliminated responding in the other two rats tested. These sub-
stitution data are consistent with those of Lal et al. (17) and
Miksic et al. (21), who showed that clonidine did not substi-
tute for morphine in rats trained to discriminate 10.0 mg/kg
morphine from saline. These data contrast, however, with
those of Krimmer et al. (16), who showed that clonidine sub-
stituted for the discriminative stimulus of 1.0 or 4.0 mg/kg
morphine in rats. Interestingly, the degree of substitution in
the Krimmer et al. study depended on the training dose. In
rats trained to discriminate 1.0 mg/kg morphine from saline
(the low training dose), all but the lowest dose of clonidine
(.0625 mg/kg) occasioned greater than 60% morphine-appro-
priate responding. In rats trained to discriminate 4.0 mg/kg
morphine from saline (the high training dose), only the highest
dose of clonidine (1.0 mg/kg) occasioned greater than 50%
morphine-appropriate responding.

Taken together, these data suggest either that a noradrener-
gic component of the discriminative-stimulus effects of mor-
phine is apparent at very low training doses of morphine or,
alternatively, that the low training dose of morphine produces
discriminative effects that are less selective than those of a
high training dose. The latter explanation is in keeping with
previous reports that d-amphetamine, ketamine, phencycli-
dine, and various kappa opioids substitute for the stimulus
effects of low training doses of morphine, whereas the same
doses of these compounds do not substitute for high training
doses of morphine (26,30,39).

HUGHES ET AL.

In the present experiment, the various noradrenergic ago-
nists and antagonists did not shift the morphine dose-effect
curve significantly. One exception was the 10.0 mg/kg dose of
propranolol that did not substitute for morphine, but shifted
the morphine dose-effect curve for morphine-appropriate re-
sponding to the left. Unfortunately, higher doses of proprano-
lol could not be tested because of toxicity. Propranolol has
affinity for both 5-HT,, and 5-HT,, receptors (20,23) and an-
tagonizes the discriminative-stimulus effects produced by 5-
HT,, agonists (1,36). Moreover, Powell et al. (27) showed that
8-OH-DPAT, a 5-HT,, agonist, attenuated the discriminative-
stimulus effects of morphine in rats. Therefore, it is possible
that the potentiation of morphine’s discriminative-stimulus
effects by 10.0 mg/kg propranolol reflects its 5-HT,, antago-
nistic action. Thus, it is not completely clear as to whether the
effects of propranolol observed in the present investigation
were mediated by noradrenergic or S-HT activity.

The discriminative-stimulus effects of morphine also were
altered by selected doses of the other noradrenergic com-
pounds. For example, a combination of 0.03 mg/kg clonidine
and a dose of morphine, that occasioned less than 10% mor-
phine-appropriate responding when administered alone, occa-
sioned greater than 80% morphine-appropriate responding.
Similarly, combinations of 0.3 mg/kg yohimbine and doses
of morphine lower than the training dose occasioned higher
percentages of morphine-appropriate responding than the
doses of morphine when administered alone. In contrast, com-
binations of 0.3 and 3.0 mg/kg prazosin with the training dose
of morphine occasioned less than 80% morphine-appropriate
responding. Although, these data may suggest that the nora-
drendergic system is involved in the discriminative-stimulus
effects of morphine, in general, these effects were not dose
dependent and usually only occurred at dose combinations
that markedly reduced response rate. In addition, EDy, values
for the dose-effect curves when the noradrenergic compounds
were combined with morphine were not significantly different
from the ED;, values when morphine was administered alone.

The lack of systematic alterations in morphine’s discrimi-
native-stimulus effects in the present experiment as well as in
previous studies (17,21) is in contrast to the interactions ob-
served between the noradrenergic and opioid systems when
their antinociceptive effects are examined (4,10,24,28,38).
These differences may be related to particular brain regions
and/or pathways involved in the behavioral effects. Indeed,
when morphine is injected into the prabrachial nucleus or the
ventral tegmental area, it dose dependently substitutes for sys-
temically administered morphine in rats (11,18,31), whereas,
injections of morphine in the periaqueductal gray, believed to
be involved in the antinociceptive effects of morphine, do not
substitute for systemically administered morphine (30).

In summary, the «, agonist clonidine, the «, antagonist
prazosin, the o, antagonist yohimbine, the 3, agonist salbuta-
mol, and the 3 antagonist propranolol did not substitute for
morphine in rats trained to discriminate 5.6 mg/kg morphine
from saline. Doses of these noradrenergic compounds also did
not alter significantly the discriminative-stimulus effects of
morphine. Taken together, these data suggest that the discrim-
inative-stimulus effects of 5.6 mg/kg morphine in rats do not
involve a noradrenergic component.
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