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Abstract
Rationale Increasing evidence shows that imidazoline  I2 receptor agonists enhance opioid-induced analgesia, suggesting 
that the combination of  I2 receptor agonists with opioids could be a favorable strategy for pain control. However, the effect 
of  I2 receptor agonists on the abuse liability of opioids is unknown. This study examined the impact of the  I2 receptor agonist 
2-BFI on some abuse-related behavioral effects of the opioid morphine in rats.
Objectives The von Frey filament test was used to determine the antinociceptive effects of 2-BFI (intravenous, i.v.) in a 
rat model of complete Freund’s adjuvant (CFA)-induced inflammatory pain. IV self-administration was used to assess the 
reinforcing effects of 2-BFI alone and to assess the effects of non-contingent injections of 2-BFI (i.p.) on morphine self-
administration. A two-lever drug discrimination paradigm in which rats were trained to discriminate 3.2 mg/kg morphine 
(i.p.) from saline was used to examine whether 2-BFI or another  I2 receptor agonist 2-(4,5-dihydroimidazol-2-yl)quinoline 
hydrochloride (BU224) affected the discriminative stimulus effects of morphine.
Results 2-BFI could not maintain reliable self-administration behavior in rats with no pain or CFA-treated inflammatory 
pain. However, pretreatment with 2-BFI (i.p.) produced dose-dependent decreases in the dose-effect curve of morphine 
self-administration. Both 2-BFI and BU224 did not substitute for morphine but significantly attenuated the discriminative 
stimulus effects of morphine.
Conclusions These results suggest that  I2 receptor agonists do not enhance, but in fact appear to decrease, the abuse liability 
of opioids, further supporting the potential utility of  I2 receptor agonist-opioid combination therapy for pain control.
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Abbreviations
2-BFI  2-(2-Benzofuranyl)-2-imidazoline
ANOVA  Analysis of variance
BU224  2-(4,5-Dihydroimidazol-2-yl)quinoline 

hydrochloride
CFA  Complete Freund’s adjuvant
FR  Fixed ratio
PWT  Paw withdrawal threshold

Introduction

Although the search for a non-addictive painkiller com-
menced nearly 90 years ago, effective alternatives to opi-
oids have still not been found. In fact, despite the enormous 
health care challenge that chronic pain presents, affecting 
over 100 million adults in the USA and imposing an eco-
nomic burden of approximately $635 billion dollars each 
year (NIH 2013), no mechanistically novel painkillers have 
entered the market for the past 50 years (Kissin 2010). This 
is problematic since opioids, the current standard treatment 
for pain conditions, are not only poorly suited to long-term 
pain management (Chou et al. 2015; Sullivan and Howe 
2013) but are also subject to a range of adverse effects 
including sedation, constipation, tolerance, dependence, and 
abuse liability. The recent opioid pandemic and the surge 
of opioid overdose-related deaths exacerbate this situation. 
Thus, novel painkillers are desperately needed.
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Numerous recent studies have shown that ligands for the 
imidazoline  I2 receptor  (I2R) produce analgesia when admin-
istered alone (Li et al. 2014; Siemian et al. 2016a) but also 
additively or synergistically enhance opioid analgesia which 
indicates their potential for combination therapy with opi-
oids (Lanza et al. 2014; Li et al. 2011; Siemian et al. 2016b; 
Thorn et al. 2015, 2011). These compounds have also been 
demonstrated to prevent tolerance and physical dependence 
to morphine as well as alleviate opioid withdrawal symp-
toms in rats (Thorn et al. 2016). Despite these findings, one 
concern that still exists for combination therapy is that  I2R 
ligands may simultaneously enhance opioid abuse liability, 
a possibility which has not yet been tested.

This study sought to address this concern and examined 
the effects of selective  I2R agonists on the abuse liability 
of the opioid morphine in rats. The reinforcing effects of 
morphine or 2-(2-benzofuranyl)-2-imidazoline hydrochlo-
ride (2-BFI) alone were assessed, as were the effects of 
2-BFI pretreatment on the maintenance of morphine self-
administration. Additionally, the discriminative stimulus 
effects of morphine alone and in combination with 2-BFI 
or 2-(4,5-dihydroimidazol-2-yl)quinoline hydrochloride 
(BU224) were examined.

Methods

Subjects

Male (n = 61 rats) Sprague-Dawley rats (Harlan, Indianapo-
lis, IN) approximately 12 weeks old at experiment onset 
were individually housed on a 12/12-h light/dark cycle 
with behavioral experiments conducted during the light 
period. Subjects had free access to water, except during test 
sessions. Rats used in pain tests (n = 12) had free access 
to standard rodent chow in their home cages. Rats used in 
drug discrimination studies (n = 8) had slightly restricted 
access to food after their daily sessions such that their bod-
yweights were maintained at approximately 90% of their 
free-feeding counterparts. Rats used in self-administration 
studies (n = 41) had free access to food with the exception 
of animals pre-trained to respond for food, which were given 
restricted access to food similar to the drug discrimination 
group, followed by free access to food following the pre-
training. Animals were maintained and experiments were 
conducted in accordance with guidelines of the International 
Association for the Study of Pain (Zimmermann 1983) and 
with the 2011 Guide for the Care and Use of Laboratory 
Animals (Institute of Laboratory Animal Resources on Life 
Sciences, National Research Council, National Academy 
of Sciences, Washington, DC) and were approved by the 
Institutional Animal Care and Use Committee, University 
at Buffalo, the State University of New York (Buffalo, NY).

Induction of inflammatory pain

Inflammatory pain was induced by CFA inoculation as pre-
viously described (Li et al. 2014). Briefly, 0.1 ml of CFA 
(Sigma-Aldrich, St. Louis, MO) containing approximately 
0.05 mg of Mycobacterium butyricum dissolved in paraffin 
oil was injected in the right hind foot pad of rats under iso-
flurane anesthesia (2% isoflurane mixed with 100% oxygen). 
Sufficient anesthesia was determined by the loss of righting 
and toe-pinch reflexes. Since neither the course of CFA-
induced hypersensitivity (which lasts at least 1 month) nor 
repeated treatment with  I2R ligands (which does not lead to 
tolerance) is expected to affect behavioral results (Li et al. 
2014; Thorn et al. 2015), mechanical nociception tests were 
conducted between 2 and 8 days after CFA inoculation.

Mechanical hyperalgesia

Mechanical nociception was measured using von Frey fila-
ments consisting of calibrated filaments (1.4–26 g; North 
Coast Medical, Morgan Hill, CA). Rats (n = 6) were placed 
in elevated plastic chambers with a wire mesh floor (IITC 
Life Science Inc., Woodland Hills, CA) and allowed to habit-
uate prior to testing. Filaments were applied perpendicularly 
to the medial plantar surface of the hind paw from below the 
mesh floor in an ascending order of filament force, begin-
ning with the lowest filament (1.4 g). A filament was applied 
until buckling occurred and maintained for approximately 
2 s. The lowest force filament to elicit a paw withdrawal 
was recorded, with measurements taken immediately before 
and after intravenous (i.v.) 2-BFI injection as well as every 
subsequent 10 min until measurements returned to base-
line. Experimenters were well-trained and treatments were 
blinded to the experimenter.

Catheterization and self‑administration

Twelve standard operant chambers (Med Associates, St. 
Albans, VT) were used for all self-administration stud-
ies with details described elsewhere (An et al. 2012; Liu 
et al. 2016). The behavioral programs and data recording 
were controlled by Med-PC IV software (Med Associates, 
St. Albans, VT). For the saline, 2-BFI, and cocaine self-
administration experiments, rats were first trained during 
five daily 1-h sessions to press the right (active) lever for 
45 mg food pellets (BioServ, Frenchtown, NJ). A fixed ratio 
schedule was used which increased from FR1 to FR3 over 
the 5 days, with rats earning a maximum of 50 food pellets 
each day. Rats weighing 225–275 g were anesthetized with 
ketamine and xylazine (60 and 5 mg  kg−1, respectively, i.p.) 
and implanted with chronic indwelling jugular catheters 
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(Thorn et al. 2014). A 1-week recovery period following 
surgery was allowed during which catheters were flushed 
daily with 0.2 mL solution of enrofloxacin (4 mg/mL) in a 
heparinized saline solution (50 IU/mL in 0.9% sterile saline) 
to preserve catheter patency and prevent infection. Over the 
course of the experiments, catheter patency was periodically 
assessed via infusion of 0.5 mg  kg−1 ketamine. A loss of 
muscle tone and righting reflex indicated catheter patency. 
If patency was lost, rats were re-catheterized using the left 
jugular vein. In some groups of rats, CFA was administered 
as described above 1 day prior to the beginning of training.

Upon recovery, rats began self-administration training. 
Due to prior food training, groups administering saline, 
0.56 mg  kg−1  infusion−1 2-BFI, or 0.75 mg  kg−1  infusion−1 
cocaine were trained on an FR3 schedule. Every third press 
on the active lever was accompanied by saline or drug infu-
sion, a 5-s illumination of the stimulus light above the active 
lever, and a 10-s timeout period during which the house light 
was extinguished. Sessions ended after 2 h or 40 infusions 
had been earned, whichever occurred first.

Rats administering 0.3 mg  kg−1  infusion−1 morphine were 
trained on an FR1 schedule that was gradually increased 
to FR5 according to each rat’s individual performance; no 
prior food training was used. Program settings were the same 
as used above with the exception that the number of maxi-
mum infusions was increased to 60. After stable responding 
for 0.3 mg  kg−1  infusion−1 morphine at FR5 was achieved, 
test sessions began during which i.p. injections of saline, 
5.6 mg  kg−1 2-BFI, or 10 mg  kg−1 2-BFI were administered 
10 min prior to program initiation. Tests were given in an 
ascending order of 2-BFI dose with 2 days of stable respond-
ing separating each test. The completion of tests at this dose 
of morphine was followed by subsequent decreases in the 
maintenance dose to 0.1 and 0.03 mg  kg−1  infusion−1 and 
then saline infusions. At least 5 days following maintenance 
dose transitions were allowed for responding to stabilize 
before tests began.

Drug discrimination

Drug discrimination studies were performed in commer-
cially available two-lever operant chambers located within 
sound-attenuating, ventilated enclosures (Coulbourn Instru-
ments Inc., Allentown, PA) as described previously (Qiu 
et al. 2014, 2015). Data were collected through an interface 
using Graphic State 3.03 software (Coulbourn Instruments 
Inc., Whitehall, PA). Training protocols were used and are 
detailed elsewhere (Li et al. 2013; Qiu et al. 2015). Briefly, 
daily sessions consisted of a 10-min timeout during which 
the chamber was dark and responses had no programmed 
consequence, followed by a 5-min response period, dur-
ing which a house light and a cue light above each lever 
were illuminated and signaled availability of reinforcers. 

Ten consecutive responses (fixed ratio (FR) 10) on the cor-
rect lever resulted in food delivery (45 mg; BioServ Inc., 
Frenchtown, NJ). The correct lever was predetermined by 
an injection (e.g., right, saline; left, 3.2 mg  kg−1 morphine). 
Response periods ended after 5 min or after delivery of 10 
food pellets, whichever occurred first. Sessions were con-
ducted 7 days per week according to a roughly double alter-
nation schedule (e.g., saline, saline, drug, drug). Rats had 
to achieve at least 90% of the total active period responses 
on the correct lever for five consecutive or six out of seven 
consecutive sessions to qualify for drug test sessions, which 
were identical to training sessions except that ten consecu-
tive responses on either lever delivered a food pellet. Rats 
needed to pass two consecutive sessions (one saline training 
session and one morphine training session) by responding 
at least 90% on the correct lever during each active period 
before each test. Morphine or saline were administered 
10 min before training or test programs were initiated, and 
2-BFI or BU224 was administered 10 min prior to saline or 
morphine on test days.

Data analysis

Measurements of CFA-induced mechanical hyperalgesia are 
presented as PWT (in g). The mean values (± SEM) were 
calculated from group data, and two-way repeated measures 
ANOVA (treatment × time), with time as within-subject fac-
tor, was used to determine statistical significance.

In the studies of intravenous self-administration, the mean 
number (± SEM) of 2-BFI, saline, or cocaine infusions were 
calculated from group data and plotted as a function of ses-
sion. One- or two-way repeated measures ANOVA (treat-
ment × session), with session as the within-subject factor, 
was used to determine statistical significance. For morphine 
self-administration, the mean number (± SEM) of morphine 
infusions was calculated from group data and plotted as a 
function of morphine dose per infusion. Two-way repeated 
measures ANOVA (2-BFI treatment × morphine dose), 
with 2-BFI dose as the repeated measure factor, was used to 
determine statistical significance.

In the studies of drug discrimination, % morphine-associ-
ated lever responding was calculated by dividing the number 
of morphine-associated lever responses by the total number 
of responses on either lever and multiplying by 100% for 
each rat; the group mean (± SEM) was plotted as a function 
of dose. The  ED50 for morphine-associated lever responding 
was calculated for each rat individually; these values were 
used to calculate a group mean  ED50 (95% CL). Morphine 
dose ratios were calculated by within-subject comparison 
of the  ED50 of morphine after  I2R ligand pretreatment ver-
sus the  ED50 of morphine alone. The dose ratios were aver-
aged within each treatment condition; if the dose ratios did 
not include 1.0, the shift was considered significant. For 
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response rate, group mean values (± SEM) were plotted as 
a function of dose, and one-way repeated measures ANOVA 
 (I2R ligand or morphine), with dose as the within-subject 
factor, was used to determine statistical significance. For all 
experiments, p < 0.05 was considered statistically significant.

Drugs

2-BFI hydrochloride was synthesized according to standard 
procedures (Ishihara and Togo 2007). Morphine sulfate and 
cocaine hydrochloride were provided by Research Technol-
ogy Branch, National Institute on Drug Abuse, National 
Institutes of Health (Rockville, MD). All drugs were dis-
solved in 0.9% physiological saline.

Results

CFA injection into the hindpaw induced a marked hyper-
sensitivity to mechanical stimuli that was stable over the 
60-min test period (Fig. 1). Two-way repeated measures 
ANOVA revealed a significant main effect of CFA treat-
ment (F (1, 112) = 101.12, p < 0.0001) but not time (F(7, 
112) = 0.14, p > 0.05). Intravenous administration of 2-BFI 
dose-dependently increased the CFA-treated paw with-
drawal threshold (Fig.  1). Two-way repeated measures 
ANOVA revealed significant treatment × time interaction 
(F(28, 175) = 3.26, p < 0.0001) with main effects of both 
2-BFI treatment (F(4, 175) = 3.18, p < 0.05) and time (F(7, 
175) = 19.76, p < 0.0001).

Pain-free rats did not increase intravenous self-adminis-
tration of saline (Fig. 2, top). Instead, the number of saline 
infusions decreased over the course of eight daily sessions 
(one-way repeated measures ANOVA: F(7, 48) = 9.58, 

p < 0.0001). Compared to the saline group, two-way 
repeated measures ANOVA revealed that 2-BFI-adminis-
tering rats earned significantly less infusions with signifi-
cant main effects of 2-BFI (F(1, 84) = 8.38, p < 0.05) and 
session number (F(7, 84) = 20.10, p < 0.0001). In contrast, 
cocaine-administering rats earned significantly more infu-
sions as compared to the saline group with main effects of 
cocaine × session interaction (F(7, 70) = 4.50, p < 0.001), 
cocaine (F(1, 70) = 9.89, p < 0.05), and session number (F(7, 
40) = 3.83, p < 0.01).

The number of saline infusions earned by CFA-treated 
rats did not vary significantly over eight daily sessions 
(Fig.  2, bottom). Two-way repeated measures ANOVA 
revealed that 2-BFI-administering rats did not significantly 
differ from the saline group in the number of infusions. 
However, cocaine-administering rats earned significantly 
more infusions as compared to the saline group with a main 
effect of cocaine (F(1, 84) = 12.87, p < 0.01) but not session 
number. After two additional sessions of self-administer-
ing saline and 2-BFI, both groups of rats were switched to 
cocaine self-administration for seven sessions (Fig. 2, bot-
tom, sessions 11 through 17). Following this transition, the 
number of infusions earned increased significantly (one-way 
repeated measures ANOVA: F(6, 105) = 21.27, p < 0.0001).

Fig. 1  Effects of 2-BFI (i.v.) on paw withdrawal threshold to a 
mechanical stimulus in CFA-treated rats (n = 6 per treatment). Ordi-
nates, mean (± SEM) paw withdrawal threshold (g); abscissa, time 
after 2-BFI injection (min)

Fig. 2  Effects of saline (n = 7), 2-BFI (n = 7), or cocaine (n = 5) 
on intravenous self-administration behavior in pain-free rats (top) 
and saline (n = 8), 2-BFI (n = 8), or cocaine (n = 6) in CFA-treated 
rats (bottom) in daily 2-h sessions. Bottom panel also shows effects 
of cocaine substitution for 2-BFI or saline in CFA-treated rats (ses-
sions 11 through 17). Ordinates, mean (± SEM) number of infusions; 
abscissa, session number. *p < 0.05, **p < 0.01, ***p < 0.001
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Morphine maintained robust, dose-dependent self-
administration behavior with a classical inverted U-shape 
dose-effect curve (Fig.  3; one-way repeated measures 
ANOVA: F(3, 44) = 7.92, p < 0.001). Pretreatments of 2-BFI 
dose-dependently decreased the number of morphine infu-
sions earned with significant main effects of 2-BFI × mor-
phine interaction (F(6, 88) = 3.38, p < 0.01), 2-BFI dose 
(F(2, 88) = 42.63, p < 0.0001), and morphine dose (F(3, 
88) = 6.20, p < 0.01). Post hoc results were indicated with 
asterisk.

In rats trained to discriminate 3.2 mg  kg−1 morphine 
from saline, morphine dose-dependently increased respond-
ing on the morphine-associated lever over a dose range of 
0.32–3.2 mg  kg−1 (Fig. 4, top; one-way repeated measures 
ANOVA: F(3, 28) = 17.54, p < 0.0001). The  ED50 (95% CL) 
for morphine-associated lever responding was 0.74 (0.43, 
1.27) mg  kg−1 morphine. Within the same dose range, mor-
phine did not significantly alter the response rate (Fig. 4, 
bottom). When administered alone, neither 2-BFI nor 
BU224 substituted for morphine within a 3.2–5.6 mg  kg−1 
dose range, but both drugs dose-dependently decreased 
the rate of responding (2-BFI: F(2, 21) = 17.61, p < 0.001; 
BU224: F(2, 21) = 10.33, p < 0.01). Injections of 3.2 and 
5.6 mg  kg−1 2-BFI as pretreatments produced  ED50 s of 
2.08 (1.26, 3.44) and 1.86 (1.25, 2.75) mg  kg−1 morphine, 
respectively. Morphine dose ratios (95% CL) of 2.83 (1.73, 

4.63) and 2.53 (1.42, 4.51) produced by 3.2 and 5.6 mg  kg−1 
2-BFI, respectively, revealed significant rightward shifts of 
the morphine dose–effect curve. One-way repeated meas-
ures ANOVA revealed that 5.6 mg  kg−1 2-BFI in combina-
tion with morphine significantly altered the response rate 
as compared to vehicle (F(3, 28) = 6.07, p < 0.01) whereas 
3.2 mg  kg−1 2-BFI did not. Pretreatments of BU224 at 3.2 
and 5.6 mg  kg−1 resulted in  ED50s of 1.90 (1.29, 2.80) and 
2.81 (1.77, 4.47) mg  kg−1 morphine, respectively. Morphine 
dose ratios (95% CL) of 2.59 (1.27, 5.27) and 3.83 (2.26, 
6.47) produced by 3.2 and 5.6 mg  kg−1 BU224, respec-
tively, revealed that the rightward shifts of the morphine 
dose–effect curve were significant. Both doses in combi-
nation with morphine significantly reduced the response 
rate according to one-way repeated measures ANOVA 
(3.2 mg  kg−1 BU224: F(3, 28) = 5.11, p < 0.01; 5.6 mg  kg−1 
BU224: F(3, 28) = 5.45, p < 0.01).

Discussion

The main findings of this study were threefold. First, the 
imidazoline  I2R agonist 2-BFI was not self-administered 
in either pain-free or CFA-treated rats, suggesting that it 
does not produce reinforcing effect under normal conditions 
or via pain relief (negative reinforcement). Second, 2-BFI 
shifted the dose-effect curve of morphine self-administra-
tion downward which suggests that it may reduce, or at least 
does not enhance, the reinforcing effects of morphine. Third, 
both 2-BFI and another  I2R agonist BU224 attenuated the 
discriminative stimulus effects of morphine. When taken in 
consideration with previous studies, these data support the 
notion that  I2R agonists may have therapeutic utility in com-
bination therapy with opioids, wherein they enhance opioid 
analgesia but reduce some adverse effects including toler-
ance, dependence, and abuse liability.

Chronic pain management is the largest current public 
health problem and is exacerbated by a lack of effective 
pharmacotherapies (Kissin 2010; Turk et al. 2011). Opioids 
such as morphine are the current gold standard to which all 
analgesics are compared, but they also come with a range 
of side effects that complicate and restrict their use includ-
ing constipation, tolerance, dependence, and abuse potential. 
These concerns can on the one hand leave pain sufferers 
undertreated from ineffectiveness and non-compliance, but 
on the other hand also lead to the overuse and abuse of these 
drugs. Thus, novel analgesics that can function as opioid-
alternative stand-alone therapies or enhance the analgesia 
of currently existing opioids are greatly needed. Recently, 
the  I2R has been established as one such novel target for the 
development of new pain therapies.  I2R agonists are effective 
in many preclinical pain models as monotherapy (Li et al. 
2014; Siemian et al. 2016a) and also produce additive or 

Fig. 3  Effects of 2-BFI (i.p.) on the maintenance of morphine 
self-administration (n = 12). Ordinates, mean (± SEM) number of 
infusions; abscissa, unit dose of morphine (mg  kg−1  infusion−1). 
*p < 0.05, **p < 0.01, ***p < 0.001
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synergistic interactions with opioids (Lanza et al. 2014; Li 
et al. 2011; Siemian et al. 2016b; Thorn et al. 2015) while 
decreasing opioid tolerance and dependence (Thorn et al. 
2016). More importantly, the  I2R agonist CR4056 is cur-
rently under clinical development and a Phase 2 clinical 
trial demonstrated significant analgesic efficacy to treat knee 
osteoarthritis (Rovati et al. 2020). However, one concern 
that had not yet been addressed by preclinical research was 
the potential enhancement of opioid abuse liability by  I2R 
agonists.

To investigate this possibility, we first examined the rein-
forcing effects of the prototypical  I2R agonist 2-BFI alone 
by using intravenous self-administration. 2-BFI and BU224 
are two very selective and well-characterized  I2R agonists. 
Both show ~ 1000-fold selectivity on  I2 receptor over  I1 
receptor and adrenergic ⍺2 receptor (Thorn et al. 2012). 
Importantly, our previous studies have demonstrated that 
the antinociceptive effects of 2-BFI can be blocked by  I2R 
antagonist idazoxan (Li et al. 2014). In pain-free rats, 2-BFI 
did not maintain self-administration behavior at a unit dose 
expected to be behaviorally active, whereas cocaine, as a 
positive control, was reliably self-administered. Since  I2R 

agonists would be used as analgesics and since pain relief 
can be a powerful negative reinforcer, we next investigated 
whether 2-BFI would maintain self-administration in rats 
treated with CFA, which models a chronic pain-like condi-
tion. Even in these rats, 2-BFI did not maintain self-admin-
istration whereas cocaine did. In a crossover experiment, we 
also demonstrated that the CFA-treated rats that previously 
had failed to self-administer 2-BFI reliably increased drug-
taking behavior when the drug was changed to cocaine, sug-
gesting that the lack of 2-BFI intake had not arisen due to 
some other anomaly with the experimental subjects. Thus, 
2-BFI does not appear to have reinforcing effects indicative 
of abuse liability.

In contrast, morphine maintained robust self-adminis-
tration, producing a classical inverted U-shape dose-effect 
curve. Since we were interested in whether 2-BFI would 
increase the abuse liability of morphine, we administered 
non-contingent pretreatments of 2-BFI at doses previously 
shown to produce analgesia (Siemian et al. 2016a). If 2-BFI 
did enhance morphine abuse liability, we would expect left-
ward or upward shifts in the morphine dose-effect curve. In 
fact, 2-BFI dose-dependently decreased morphine intake, 

Fig. 4  Effects of 2-BFI (left 
panels) and BU224 (right 
panels) on discriminative 
stimulus effects (top panels) and 
response rate (bottom panels) 
of morphine in rats trained to 
discriminate 3.2 mg  kg−1 mor-
phine from saline. Ordinates, 
percentage responding on the 
morphine-associated lever (top 
panels) or responses per second 
(bottom panels); abscissa, mor-
phine dose (mg  kg−1, i.p.)
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producing downward shifts of the morphine dose-effect 
curve. This reduction in responding seems somewhat spe-
cific to morphine intake, as these 2-BFI doses decreased 
schedule-controlled responding for food rewards to a lesser 
degree (An et al. 2012; Siemian et al. 2016b). In any case, 
the most conservative conclusion to be drawn from this find-
ing is that 2-BFI does not appear to increase the reinforcing 
properties of morphine at analgesic doses.

Lastly, we investigated whether  I2R agonists affect the 
discriminative stimulus properties of morphine. Drug dis-
crimination paradigms are used to assess the “subjective 
effects” of drugs, which are often closely related to their 
abuse liability. In rats trained to discriminate morphine from 
saline, neither 2-BFI nor BU224 alone induced significant 
responding on the morphine-associated lever when admin-
istered up to doses that began to affect responding rate. It 
is worth noting that both compounds do not significantly 
affect the general locomotor activity in rats up to a dose of 
10 mg/kg (Thorn et al. 2012). These results first showed that 
generalization between the discriminative stimulus effects 
of  I2R ligands and opioids is asymmetrical, since morphine 
partially or fully generalized to the drug cue in rats trained 
to discriminate an  I2R ligand from saline (Qiu et al. 2014, 
2015). However, pretreatments of either drug produced sig-
nificant rightward shifts of the morphine dose-effect curve. 
This suggests that  I2R agonists attenuate the discriminative 
stimulus effects of morphine, which again indicate that they 
may reduce opioid abuse liability.

A variety of factors can contribute to a reduction in 
behavioral indices of abuse-related effects by an interven-
tion compound. Thus, it is difficult to propose a mechanistic 
explanation for the present results, and doubly difficult to do 
so for  I2R ligands due to a lack of genetic and mechanistic 
information about  I2Rs to begin with. Still, it is apparent 
that this function of  I2R agonists is not due to orthosteric 
antagonism at µ opioid receptors. In vitro receptor binding 
studies showed that  I2R agonists do not exhibit selectivity 
for µ opioid receptors (Qiu et al. 2015). If this was different 
in vivo, we would not have previously found enhancement of 
opioid analgesia, and the present study would have observed 
parallel rightward shifts in the morphine dose-effect curve 
for both self-administration and drug discrimination (Li 
et al. 2008; Tanda et al. 2016). Instead,  I2R agonists may 
affect some downstream µ opioid receptor-mediated signal-
ing mechanisms to produce the unique profile of enhanced 
analgesia but reduce abuse liability. Although speculative, 
one interesting hypothesis that may explain these results is 
biased agonism (DeWire et al. 2013; Soergel et al. 2014). In 
regard to the µ opioid receptor, biased agonism hypothesizes 
that analgesia is produced by mechanisms that engage G 
protein signaling, whereas side effects (e.g., respiration, tol-
erance) are produced by mechanisms that engage β-arrestins. 
Since the pattern of opioid receptor-I2R interactions appears 

to be to increase analgesia while decreasing side effects, it 
may be that  I2R ligands directly or indirectly bias the acti-
vation of the µ opioid receptor towards G protein signaling 
and/or inhibit the engagement of the β-arrestin-dependent 
mechanisms. Further behavioral investigation into how 
 I2R ligands alter the physiological side effects of opioids, 
such as respiratory and gastrointestinal dysfunction, will 
further clarify this hypothesis. Alternatively, effects of  I2R 
agonists on central nervous system monoamine levels may 
also account for this interaction profile. In both preclini-
cal and clinical studies, drugs that increase serotonin and 
norepinephrine levels have been shown to increase opioid 
analgesia while decreasing opioid consumption (Bedin et al. 
2016; Higgins et al. 1994; Shen et al. 2013; Wang et al. 
1995). Since  I2R agonists are putative monoamine oxidase 
inhibitors and have been demonstrated to increase serotonin 
and norepinephrine in the CNS (Ferrari et al. 2011; Nutt 
et al. 1995; Ugedo et al. 1999), this may also explain their 
interactions with opioids. Indeed, our previous study has 
demonstrated that  I2R agonist-induced antinociception was 
mediated by serotonergic and noradrenergic mechanisms 
with 5-HT1A, 5-HT2A and α1-adrenoceptor being particu-
larly important (Siemian et al. 2018). Future studies using 
selective norepinephrine and serotonin receptor antagonists 
may help to confirm the involvement of these monoamines.

In summary, this study found that  I2R agonists did not 
increase but in fact decreased abuse-related behavioral 
effects of morphine. 2-BFI was not found to produce rein-
forcing effects in pain-free or CFA-treated rats and also 
produced significant downward shifts of the morphine 
dose-effect curve in rats trained to self-administer mor-
phine. Lastly, both 2-BFI and BU224 produced significant 
rightward shifts of the morphine dose-effect curve in rats 
discriminating morphine from saline. When considered with 
previous studies, these results further support that  I2R ago-
nists are useful in combination therapy with opioids, in that 
they enhance opioid analgesia while suppressing opioid side 
effects such as tolerance, dependence, and abuse liability.
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