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Abstract

Background—Lofexidine, an ay-adrenergic agonist, is being investigated as a treatment for
reducing opioid withdrawal symptoms and blocking stress-induced relapse to cocaine taking.
Opioid abusers are often polydrug abusers and cocaine is one frequent drug of choice. However,
relatively little is known about lofexidine interactions with cocaine. The present study investigated
the effects of acute and chronic treatment with lofexidine in a pre-clinical model of cocaine self-
administration.

Methods—Male rhesus monkeys were trained to respond for food (1 g) and cocaine (0.01 mg/kg/
inj) under a fixed ratio 30 (FR30) or a second order FR2 (VR16:S) schedule of reinforcement.
Systematic observations of behavior were conducted during and after chronic treatment with
lofexidine.

Results—Acute treatment with lofexidine (0.1 or 0.32 mg/kg, IM) significantly reduced cocaine
self-administration but responding for food was less effected. In contrast, chronic treatment (7-10
days) with lofexidine (0.1-0.32 mg/kg/hr, 1V) produced a leftward shift in the cocaine self-
administration dose-effect curve, but had no effect on food-maintained responding. Lofexidine did
not produce any observable side effects during or after treatment.

Conclusions—Lofexidine potentiated cocaine’s reinforcing effects during chronic treatment.
These data suggest that it is unlikely to be effective as a cocaine abuse medication and could
enhance risk for cocaine abuse in polydrug abusers.
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1. INTRODUCTION

Norepinephrine (NE) is one of the most abundant neurotransmitters in the brain with key
roles in such behaviors as attention, arousal, stress responses, learning and memory,
neuronal excitability, etc. (Sofuoglu and Sewell, 2009). Lofexidine, 2-[1-(2,6-
dichlorophenoxy)ethyl]-4,5-dihydro-1H-Imidazole, is an analog of the FDA-approved oy
adrenergic agonist clonidine. Lofexidine is available in the United Kingdom as an anti-
hypertensive agent, and as a medication to alleviate opioid withdrawal symptoms.
Lofexidine is not yet available in the United States, though clinical trials are underway
(www.clinicaltrials.gov).

Lofexidine and other ay agonists have received considerable attention as potential
pharmacotherapies for several aspects of drug addiction. For example, clonidine has been
useful in treating opioid withdrawal signs. Lofexidine is as effective as clonidine in
attenuating opiate withdrawal symptoms (Lin et al., 1997; Shearman et al., 1980; Yu et al.,
2008) but has a more favorable side effect profile and less hypotension and sedation
(Gowing et al., 1996; 2002). Lofexidine is well tolerated clinically (Welberg, 2012), even at
supratherapeutic doses (Walsh et al., 2003). Clinical trials to evaluate lofexidine’s efficacy
alone and in conjunction with methadone to attenuate opiate withdrawal signs are ongoing
(Gorodetzky and Longstreth, 2012). Preclinical and clinical studies suggest that lofexidine
also may be effective in reducing relapse to cocaine and cocaine + heroin abuse. In rats,
lofexidine blocked stress-induced reinstatement of responding for cocaine (Erb et al., 2000)
and “speedball” (heroin + cocaine; Highfield, 2001) injections, and other a, agonists
prevented cue-induced cocaine seeking in rats (Smith and Aston-Jones, 2011). Further, a,
antagonists such as yohimbine and RS-79948 reinstate cocaine-seeking behavior in squirrel
monkeys, and these effects are dose-dependently blocked by clonidine (Lee et al., 2003). In
clinical studies, several a, agonists also have been shown to block stress- and cue-induced
cocaine or opiate craving (Fox et al., 2012; Jobes et al., 2011; Sinha et al., 2006).

Little is known about how lofexidine treatment influences on-going cocaine self-
administration. Acute treatment with UK-14304, an a5 agonist, had no effect on cocaine
self-administration in rats with a history of short- or long-access to cocaine, however, only
one dose of cocaine was studied (Wee et al., 2008). Repeated lofexidine injections for 5
consecutive days also did not affect on-going “speedball” (cocaine + heroin) self-
administration in rats (Highfield, 2001). Finally, pretreatment with several a, agonists (i.e.,
clonidine, lofexidine, guanabenz) did not attenuate cocaine-induced reinstatement of cocaine
seeking (Erb et al., 2000).

The present study was designed to examine how lofexidine influences cocaine self-
administration in rhesus monkeys. This question is important because cocaine use increases
during methadone treatment in some patients (Condelli et al., 1991; Kosten et al., 1989;
Schottenfeld et al., 1993). Polydrug abuse, particularly cocaine + heroin (“speedball”), is a
common form of drug abuse (World Drug Report, 2010). Thus, risk for cocaine use by
“speedball” abusers is high and the influence of chronic lofexidine treatment is unknown.
We studied the effects of acute and chronic lofexidine treatment on cocaine self-
administration in nonhuman primate models of cocaine self-administration. The effects of
lofexidine treatment on behavior maintained by a non-drug reinforcer (i.e., food) were also
evaluated to determine if any effects of lofexidine were specific to cocaine or reflected a
general disruption of operant behavior. Finally, systematic observations of behavior were
conducted to characterize potential side effects of chronic treatment with lofexidine.
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2. METHODS AND MATERIALS

2.1 Animals

Seven adult male rhesus monkeys (Macaca mulatta) that weighed between 6 and 10 kg were
studied. Monkeys received Lab Diet Jumbo Monkey Biscuits (PMI Feeds Inc., St. Louis,
MO), a multiple vitamin, and fresh fruit and vegetables daily. Water was continuously
available from an automatic watering system. A 12-hr light-dark cycle was in effect (lights
on 8:00AM - 8:00PM) except where noted below. Animal maintenance and research were
conducted in accordance with the guidelines provided by the Institute of Laboratory Animal
Resources (ILAR-NRC, 2010) and the NIH Office of Laboratory Animal Welfare (OLAW).
The facility is licensed by the U.S. Department of Agriculture and the McLean Hospital
Institutional Animal Care and Use Committee approved all protocols. Consultant
veterinarians monitored the health of the colony. Enrichment was provided through mirrors
and toys in the home-cage, interaction with technical staff, and the opportunity to
manipulate their environment during operant food and drug procedures (Lutz and Novak,
2005).

Monkeys lived in stainless steel chambers (64 x 64 x 79 cm) equipped with a custom-
designed operant response panel. Operant panels contained three square translucent response
keys (5.1 x 5.1 cm) arranged 3.5 cm apart in a horizontal row 9 cm from the top of the
operant panel. Each key could be transilluminated with red or green stimulus lights
(SuperBright LEDs; Fairchild Semiconductor, San Jose, CA). Three circular translucent
keys were illuminated with stimulus lights (1.9 cm in diameter) and located in a vertical
column below the center response key and could also be transilluminated by red or green
stimulus lights. A pellet dispenser (Gerbrands Model G5210, Arlington, MA) and two
syringe pumps (Model 981210, Harvard Apparatus, Inc., South Natick, MA), one for each
lumen of the double-lumen catheter, were mounted on shelving above the chamber. Banana-
flavored food pellets (Formula 4TUR, Purina Mills Test Diet, Richmond, IN) were delivered
to a food cup attached to the lower left front of the chamber. All experimental events were
custom programmed on a Hewlett-Packard (model 8100 Elite CMT PC) desktop PC
connected to the chambers via a Med Associates (Georgia, VT) Interface.

2.2 Venous Catheter Implantation

Details of our surgical procedures have been described previously (Mello et al., 2012; Mello
and Newman, 2011; Newman et al., 2010; Mello et al, 2013). Briefly, double lumen Silicone
catheters (1.D. 0.028 in, O.D. 0.088 in; Saint Gobain Performance Plastics, Beaverton, MI)
were surgically implanted in a jugular or femoral vein under aseptic conditions. The double
lumen catheters permitted 1V cocaine self-administration through one lumen and concurrent
IV saline or lofexidine administration during chronic treatment studies through the second
lumen. The intravenous catheter exited in the mid-scapular region and was protected by a
tether system consisting of a custom-fitted nylon vest connected to a flexible stainless-steel
cable and fluid swivel (Lomir Biomedical, Inc., Malone, NY). Catheter patency was
evaluated periodically by administration of a short-acting barbiturate, methohexital sodium
(4 mg/kg, 1V). If muscle tone was decreased within 10 s after drug administration, the
catheter was considered patent.

2.3 Acute Lofexidine Effects on Cocaine Self-Administration

The effects of acute lofexidine (0.1 or 0.32 mg/kg) treatment on cocaine self-administration
were studied in four cocaine-experienced monkeys. Each daily 2-hr session consisted of
three response components separated by 5-min time-out (TO) periods. During the first and
last components (Food 1 and Food 2), red lights illuminating the center response key
signaled the availability of 1-g banana-flavored food pellets under a fixed ratio 30 (FR30):
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TO 10-s schedule of reinforcement for 5-min. During the cocaine self-administration
component, green lights illuminating the center response key signaled the availability of
intravenous (1V) injections of cocaine or saline for 100-min under an FR30: TO 60-s
schedule. This component was immediately preceded by illumination of a yellow light for
10-s and the non-contingent delivery of a single ‘priming’ injection of saline or cocaine at
the dose that was subsequently available. During the TO following each reinforcer delivery
(food or cocaine), the center response key was illuminated with yellow lights. During inter-
component TO periods, all lights were off and responding had no scheduled consequences.

During training sessions, saline (S) or a unit dose of cocaine (C) was available under a
double alternation schedule (e.g, SS CC, SS, CC, etc) that varied irregularly between
subjects. Once responding was stable, the cocaine self-administration dose—effect curve was
determined over a dose range of 0.0032 — 0.1 mg/kg/inj cocaine. Responding was
considered stable if the number of injections on the day preceding a test was within 15% of
the mean of all baseline sessions at that cocaine dose within the past 3 months. Next,
pretreatment with lofexidine (IM, 15-min) was studied in test sessions that were routinely
conducted on the second day of the double alternation schedule, and following a session
during which control rates and patterns of self-administration behavior were near baseline
levels. The 15-min pretreatment time was determined during preliminary drug
discrimination studies (Kohut, unpublished). Initially, dose-ranging experiments were
conducted to determine the effects of lofexidine on self-administration of 0.032 mg/kg/inj
cocaine. This unit dose of cocaine produces reliable and stable levels of self-administration
behavior. These experiments sought to identify pretreatment doses of lofexidine that
decreased cocaine self-administration by at least 50% while maintaining some selectivity in
decreasing cocaine over food-maintained responding. An effective dose of lofexidine was
then studied against a range of cocaine doses (0.0032-0.1 mg/kg/inj) in each monkey. The
acute effects of a single dose of lofexidine (0.1 mg/kg in three subjects (R-009, R-105, and
R082) and 0.32 mg/kg in one subject (R-166) were then examined when either saline or
various doses of cocaine were available for self-administration (see Table 2 and below).

2.4 Chronic Lofexidine Effects on Cocaine Self-Administration

Once the acute effects of lofexidine on cocaine- and food-maintained responding were
examined, chronic lofexidine was studied to determine if treatment effects were sustained
over time. Saline or lofexidine was administered every 20 minutes for 23-hr each day
(10:30AM-9:30AM). Each treatment dose was studied for 7-10 days until responding was
stable. Successive treatment doses were separated by an interval of saline treatment until
drug- and food-maintained responding returned to baseline levels. The saline treatment
interval was used to prevent any carryover effects from the preceding treatment. Two doses
of lofexidine (0.1 and 0.32 mg/kg/hr) were tested against the cocaine dose-effect curve in
each monkey. This chronic treatment procedure was used to permit comparisons with other
candidate treatment medications (e.g., modafinil, buspirone, d-amphetamine) previously
studied in this laboratory (see Mello et al., 2012; Negus and Mello, 2003; Newman et al.,
2010).

The effect of chronic lofexidine (0.1 — 0.32 mg/kg/hr) treatment on cocaine self-
administration was studied in three cocaine-experienced monkeys. Each 2-hr daily session
consisted of 1-hr of food and 1-hr of cocaine access. Food was available at 11am, 3pm, 7pm,
and 6am the next morning, and drug was available at 12pm, 4pm, 8pm, and 7am the next
morning. During the food components, a red light illuminating the center response key
signaled the availability of 1-g banana-flavored food pellets under a Fixed Ratio 2, Variable
Ratio 16 (FR2; VR16:S]) second order schedule of reinforcement. During cocaine self-
administration components, a green light signaled cocaine availability, and completion of
the response requirement resulted in delivery of 0.1 ml of a cocaine solution over 1-sec
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through one lumen of the double-lumen catheter. A 10-sec TO period followed delivery of
each food pellet or drug injection during which stimulus lights were turned off. If 25 food
pellets or 20 cocaine injections were delivered before the end of the 1-hr session, then all
stimulus lights were turned off, and responding had no scheduled consequences for the
remainder of that session. Extinction training consisted of sessions in which no injection was
substituted for 0.01 mg/kg IV cocaine and all stimulus lights operated as described above.

Training continued until monkeys met the following criteria for stable food and cocaine
responding: 1) three consecutive days during which the number of drug injections/day
varied by no more than 20% of the three-day mean with no upward or downward trend in
performance, and 2), the mean number of food pellets and injections delivered per day was
equal to or greater than 60. Once responding was stable, self-administration of saline and
cocaine (0.001 — 0.1 mg/kg/inj) were studied in an irregular order for each monkey. Each
dose was substituted for 7-10 days until responding was stable according to the above
criteria. Following each substitution test, monkeys were returned to the maintenance dose of
cocaine, 0.01 mg/kg/inj, for at least three days or until responding was stable to ensure
reliable baseline responding before the next substitution test. Increasing doses of lofexidine
were initially tested against the maintenance dose of cocaine (0.01 mg/kg/inj). Cocaine
(0.001 - 0.1 mg/kg/inj) was delivered by computer-controlled variations in pump infusion
duration (Fivel, 2011).

2.5 Behavioral Observations During and After Chronic Lofexidine Treatment

Behavioral changes from the saline treatment baseline were studied during chronic treatment
and withdrawal from lofexidine. Behavioral observations were conducted at about 1PM each
day during (7-10 days) and after treatment (3 days) with lofexidine (0.1 — 0.32 mg/kg/hr)
during tests with 0.01 mg/kg/inj cocaine. Table 1 summarizes the behaviors rated (Kato and
Yanagita, 1981). This scale has been used to compare the effects of drugs from several
pharmacological classes on gross behavioral observations in rhesus monkeys (Kato and
Yanagita, 1981).

2.6 Data Analysis

The primary dependent variable was the total number of drug or saline injections and food
pellets earned per session. In chronic treatment studies, the number of injections self-
administered and food pellets earned during the last three days of each treatment condition
were averaged. Changes in drug-maintained responding from saline-treatment during
lofexidine treatment at each dose of cocaine were evaluated using a two-way repeated
measures analysis of variance (ANOVA). A significant ANOVA was followed by
Bonferroni multiple comparison post-hoc tests. One-way ANOVA with Dunnett’s post-hoc
tests were used to determine which points differed from saline self-administration.

Behavioral observations were recorded before, during, and after chronic treatment with
lofexidine. Ratings during the last three days of chronic treatment and during the first three
days after treatment were averaged. Friedman’s Test was used to compare ratings at the two
doses of lofexidine to baseline levels for each behavior measured. Because baselines
differed between animals, the data is presented graphically as the mean difference from
baseline.

All figures and statistical analyses were conducted using GraphPad Prism 6.0 for Macintosh
(GraphPad Software Inc.).
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2.7 Drugs
Cocaine HCI was provided by the National Institute on Drug Abuse (Rockville, MD, USA).
Lofexidine HCI was purchased from Santa Cruz Biosciences (Santa Cruz, Ca). All doses are
expressed as the salt. All drugs were dissolved in sterile water and were sterile-filtered with
a syringe-driven 0.22-micron filter (Millipore Corporation, Billerica, MA).
3. RESULTS

3.1 Acute Treatment with Lofexidine Decreased Cocaine Self-Administration

Table 2 shows individual data from lofexidine dose-ranging tests with 0.032 mg/kg/inj
cocaine. Dose-ranging tests identified pretreatment doses of lofexidine that decreased 1V
cocaine self-administration by at least 50% while maintaining some selectivity in decreasing
cocaine over food-maintained responding. Low doses of lofexidine increased responding for
cocaine in 2 of 4 monkeys (R-009 at 0.032 mg/kg and R-166 at 0.1 mg/kg). However,
increasing their respective doses by 1/2—log unit completely eliminated cocaine self-
administration. In another monkey (R-105), lofexidine dose-dependently decreased cocaine
self-administration when low doses of lofexidine (0.032 and 0.1 mg/kg) were administered
with little effect on food-maintained responding. Finally, cocaine self-administration was
only moderately affected by lofexidine pretreatment yet food-maintained responding was
eliminated at 0.1 mg/kg lofexidine in Monkey R-082. It should be pointed out that
responding during the second food component was eliminated under baseline conditions in
two monkeys (R-082 and R-105). In the acute procedure, we often find that monkeys vary in
sensitivity to the rate decreasing effects of cocaine, which is most prominent after self-
administration of high doses of cocaine.

A dose of 0.1 mg/kg lofexidine was subsequently tested during determination of a complete
cocaine dose-effect curve in monkeys R-009, R-105, and R-082 while monkey R-166
received 0.32 mg/kg lofexidine. Self-administration of cocaine (0.0032 - 0.1 mg/kg/inj)
under baseline conditions followed an inverted-U shaped function. A dose of 0.01 mg/kg/inj
cocaine (mean 47.5 £ 4.44 injections/session; range 49-56 inj) maintained the highest level
of responding in three monkeys and 0.032 mg/kg maintained the highest level of responding
in the fourth monkey (R-166; 41 injections/session). When saline was substituted for
cocaine, responding rapidly extinguished to 8.75 + 0.48 injections/session.

As shown in Figure 1, acute treatment with lofexidine (0.1 or 0.32 mg/kg, IM) produced a
flattening of the cocaine self-administration dose-effect curve with significant decreases at
0.01 and 0.032 mg/kg/inj (both p’s <0.05). The number of cocaine injections was not
significantly different from saline-maintained responding across cocaine doses of 0.0032,
0.01, 0.032, and 0.1 mg/kg/inj, respectively. On average, monkeys earned 15.5 + 0.29 and
14.75 + 0.48 food pellets during Food Sessions 1 and 2, respectively. Lofexidine treatment
moderately reduced the number of pellets earned during the first food session by about 45%
while food was decreased by about 35% in the second food session (both p’s <0.05).

3.2 Chronic Treatment with Lofexidine Enhanced Cocaine Self-Administration

As shown in Figure 2, peak cocaine-maintained responding occurred at a unit dose of 0.032
mg/kg/inj (i.e., 80 inj/day) during saline treatment. Monkeys earned about 50% of the
maximal number of cocaine injections (i.e., 41.00 £ 13.37) when a dose of 0.0032 mg/kg/inj
was available and about 35% of the maximal number of injections at the lowest dose of
cocaine (0.001 mg/kg/inj; 28.33 £ 7.81). When saline was substituted for cocaine,
responding decreased to 16.33 + 2.46 inj/day. Monkeys earned all of the available food
pellets/day during saline or cocaine self-administration sessions under saline treatment.
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The maintenance dose of 0.01 mg/kg/inj cocaine was relatively insensitive to chronic
treatment with lofexidine. The number of cocaine (0.01 mg/kg/inj) injections earned were
77.34+2.67,80+0, 77.56 + 2.28, and 80 + 0 at lofexidine doses of 0.01, 0.032, 0.1, and
0.32 mg/kg/hr, respectively. Subsequently, the highest doses of 0.1 and 0.32 mg/kg/
lofexidine were chosen to test against the complete cocaine dose-effect curve. Figure 2
shows that chronic treatment with 0.1 and 0.32 mg/kg/hr lofexidine both shifted the cocaine
dose-effect curve leftward. When low doses of cocaine were available for self-
administration (0.001 and 0.0032 mg/kg/inj), 0.1 mg/kg/hr lofexidine produced about a 55
and 75% increase in number of cocaine injections earned, respectively, and about a 43%
increase at both cocaine doses when 0.32 mg/kg/hr lofexidine was administered. Chronic
lofexidine had little effect on intermediate doses of cocaine (0.01-0.032 mg/kg/inj) but
decreased the number of injections when the highest dose of cocaine was available (0.1 mg/
kg/inj) by about 25% (both p’s<0.05). The number of food pellets earned per day was not
significantly altered by chronic lofexidine treatment.

3.3 Behavioral Effects of Lofexidine During and After Chronic Treatment

Behavioral observations were conducted during and after chronic treatment with saline and
lofexidine. Figure 3 shows the average difference from baseline behavioral ratings during
the final three days of treatment and for the first three days after cessation of treatment with
lofexidine. None of the behaviors measured were significantly different from baseline
during or after lofexidine treatment.

4. DISCUSSION

This is the first evaluation of the effects of acute and chronic (7-10 days) treatment with the
a5 adrenergic agonist, lofexidine, on cocaine self-administration in nonhuman primates. Our
major findings were that acute lofexidine significantly atfenuated cocaine self-administration
whereas chronic lofexidine significantly potentiated cocaine self-administration. The
contrast between the acute and chronic effects of lofexidine on cocaine self-administration
was unexpected. Some factors that may have contributed to these findings are discussed
below.

Although lofexidine has not been studied extensively, several preclinical reports in rodents
suggest that a, agonists do not modulate the behavioral effects of cocaine. Previous studies
in rats have found no effect of a, agonists on cocaine or cocaine + heroin self-administration
(Erb et al., 2000; Highfield, 2001; Wee et al., 2008). However, acute treatment with an a,
antagonist (dexefaroxan) increased locomotor activity induced by a selective DAT inhibitor
(GBR 12783; Villégier et al., 2003)) and enhanced circling behavior induced by
methylphenidate or apomorphine (Chopin et al., 1999). In the current study, acute
administration of the ay agonist lofexidine, attenuated cocaine self-administration in rhesus
monkeys and was less effective at decreasing responding for food.

The evaluation of chronic lofexidine treatment was designed to model clinical treatment. In
contrast to our findings with acute lofexidine treatment, chronic treatment with lofexidine
potentiated cocaine self-administration. Increases in cocaine self-administration at low doses
were evident on Day 1 of the lofexidine treatment regimen and persisted throughout the
duration of treatment. For example, when a low minimally reinforcing dose of cocaine
(0.001 mg/kg/inj) was available for self-administration during saline treatment, a burst of
responding typical of extinction was seen in the first 3—4 days, then gradually decreased to
saline levels. Conversely, during lofexidine treatment, 0.001 mg/kg/inj cocaine maintained
stable levels of self-administration similar to a higher dose of cocaine (0.0032 mg/kg/inj)
during saline treatment.
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4.1 Possible Mechanisms of Lofexidine's Effect on Cocaine Self-Administration

The mechanisms underlying the differential effects of acute and chronic lofexidine treatment
on cocaine self-administration are unclear. Several lines of evidence suggest a reciprocal
interaction between a, receptors and dopamine activity in brain regions that modulate the
behavioral effects of psychomotor stimulants such as cocaine. For example, radioligand
binding studies have found that striatal brain regions and prefrontal cortex (Ordway et al.,
1993; Nicholas et al., 1993; Uhlen et al., 1997) each contain a high density of a, receptors.
Interestingly, the affinity of dopamine and norepinephrine for a, receptors is similar and
dopamine has been shown to inhibit forskolin-stimulated accumulation of cyclic-adenylyl
cyclase in a, transfected NRK cells (Zhang et al., 1999). Decreased o receptor
responsiveness also occurs after repeated cocaine exposure in rats (Baumann et al., 2004).
Further, a, receptors have been shown to regulate DA release in both the nucleus
accumbens (lhalainen and Tanila, 2004) and prefrontal cortex (Ihalainen and Tanila, 2002).

The complex regulation of dopaminergic activity by o, adrenergic receptor activation
changes with repeated o agonist exposure. oy receptors primarily exist as presynaptic
autoreceptors in the central nervous system (Docherty, 1998) and microdialysis studies have
found that a5 receptor agonism regulates both norepinephrine and dopamine levels in
prefrontal and striatal brain areas. For example, acute administration of clonidine or
dexmedetomidine (an a5 receptor agonist) decreased basal levels of extracellular
norepinephrine and dopamine in the prefrontal cortex (Ihalainen and Tanila, 2002; Tanda et
al., 1996) and nucleus accumbens (lhalainen and Tanila, 2004). Further, clonidine blocked
cocaine- (Florin et al., 1994) and stress-induced (Erb et al., 2000) increases in extracellular
norepinephrine levels in rats (see also Anden et al, 1970). Conversely, yohimbine, an a,
antagonist, increased extracellular dopamine and norepinephrine in the prefrontal cortex
(Tanda et al., 1996). The neurochemical effects of a, agonists and antagonists parallel the
differences between the acute and chronic effects of lofexidine on cocaine self-
administration in the present study. For example, decreases in cocaine self-administration
after acute administration of lofexidine (Fig. 1) likely reflect decreases in basal levels of
extracellular dopamine after o, receptor agonist administration (see Arnsten and Dudley,
2005; Tanda et al., 1996). The rightward and downward shift in the cocaine self-
administration dose-effect curve during pretreatment with high doses of lofexidine (see Fig.
1) and increases in responding observed during pretreatment with low doses of lofexidine
(see Table 1) is consistent with functional antagonism. In contrast, “tolerance” or
desensitization of ay adrenergic receptors (Baumann et al., 2004; Jimenez-Rivera et al.,
2006) may develop during chronic lofexidine treatment which leads to decreased inhibitory
tone and enhancement of prefrontal cortical or striatal activity (Gamo et al., 2010; Dennis et
al., 1987; Fox et al., 2012). In the present study, this is reflected in the leftward shift in
cocaine self-administration (Fig. 2) where lower doses of cocaine maintained higher levels
of responding. Consistent with this notion, previous studies suggest that when
norepinephrine is blocked acutely through a, receptor activation, dopamine transmission
and behavioral responses to stimulants appear to be attenuated (Jimenez-Rivera et al., 2006;
Tanda et al., 1996). However, over time the dopamine system compensates for decreased
dopamine levels by up-regulating high-affinity postsynaptic dopamine receptors (Schank et
al., 2005; Seeman, 2005), resulting in behavioral hypersensitivity to psychostimulants and
other direct dopamine agonists. In support of this, dopamine B-hydroxylase knockout mice,
which lack norepinephrine, show hypersensitive responses to the locomaotor, rewarding, and
aversive effects of cocaine and amphetamine (Schank et al., 2005; Weinshenker, 2002).

Lofexidine has a half-life of about 11.5-hr in clinical studies (Al-Ghananeem, 2009)
suggesting that delivery of the drug at the doses used in the present study (0.1 — 0.32 mg/kg/
hr) on a mg/kg/hr basis may have resulted in cumulative, steady state doses that were
significantly higher than those administered in the acute study. Interestingly, the
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development of tolerance during chronic lofexidine treatment appears to have developed
rapidly as the leftward shift in cocaine self-administration was evident on Day 1 and stable
throughout the course of lofexidine treatment (see above). Further, it should be noted that
lower doses of lofexidine (0.01 — 0.032 mg/kg/hr) that would have resulted in mg/kg/day
doses similar to the acute study were initially tested against the maintenance dose of cocaine
with no evidence of antagonism. Thus, understanding the factors (e.g., route of
administration, frequency of dosing, etc.) responsible for the development of tolerance or
desensitization of oy receptors during chronic agonist (i.e., lofexidine) treatment is an
important direction for future studies to address.

4.2 Translational Implications for Lofexidine in Addiction Treatment

As noted earlier, the a, agonist clonidine is often used to attenuate opioid withdrawal signs
and symptoms during detoxification. However, it is generally recognized that clonidine is
associated with several undesirable side effects such as sedation and hypotension.
Lofexidine was not associated with adverse side effects during and after treatment, and may
be an acceptable alternative to clonidine (Gowing et al., 1996). Further, preliminary studies
suggest that a, agonists such as lofexidine, may decrease stress- and cue-induced craving in
cocaine (Fox et al., 2012; Jobes et al., 2011) and opiate abusers (Sinha et al., 2006).
Alternatively, our finding that chronic lofexidine treatment increased cocaine self-
administration by non-human primates suggests it may increase risk for cocaine abuse in
cocaine and polydrug (cocaine + heroin) abusers. More research is necessary to understand
how and under what conditions lofexidine may increase this risk.
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Effects of Acute Treatment with Lofexidine
on Cocaine- and Food-Maintained Responding
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Figure 1. Effects of Acute Treatment with L ofexidine on Cocaine- and Food-M aintained
Responding

Abscissa, cocaine dose in mg/kg/inj (log-scale). Ordinate, total cocaine injections earned per
day. All data points show the mean + SEM in four monkeys. Repeated measures ANOVA
found significant main effects of Treatment (F(3 1)=3.39; p<0.05) and Cocaine Dose
(F(1,6=45.40; p<0.001) as well as a significant Treatment X Cocaine Dose Interaction
(F3,18)=3.92; p<0.05). Dunnett’s post-hoc analysis showed that cocaine self-administration
with lofexidine treatment was significantly lower than baseline when 0.01 and 0.032 mg/kg/
inj cocaine was available (both p’s <0.01). Self-administration of each dose of cocaine was
also compared to saline self-administration to determine which doses elicited significantly
more behavior than when saline was available. Under baseline conditions, a significant
effect of cocaine dose was found (F(4,12)=20.96; p<0.0001) and Dunnett’s post-hoc tests
showed that 0.01 and 0.032 mg/kg/inj produced significantly more self-administration than
saline. There was no main effect of cocaine dose with lofexidine treatment (F (4,12)=0.46;
p>0.05). Dunnett’s tests indicate that cocaine self-administration did not differ from saline
levels at any dose when lofexidine was administered as a pretreatment (all p’s >0.05). Paired
t-tests on number of pellets earned found that responding for food was slightly, but
significantly reduced during both food sessions (both p’s<0.05). * p<0.05 lofexidine
treatment vs. cocaine baseline; T p<0.05 cocaine vs. saline self-administration.
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Effects of Chronic Treatment with Lofexidine on
Cocaine- and Food-Maintained Responding
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Figure 2. Effects of Chronic Treatment with L ofexidine on Cocaine- and Food-M aintained
Responding

Abscissa, cocaine dose in mg/kg/hr (log-scale). Left Panel Ordinates, total cocaine injections
earned per day (out of 80 possible). Right Panel Ordinates, total food pellets earned per day
(out of 100 possible). All data points show the mean = SEM of the last three days of 7-10
days treatment in three monkeys. A 3x5 repeated measures ANOVA with factors of
Treatment and Cocaine Dose found a main effect of Cocaine Dose (F(4,8)=6.120; p=0.01)
but no main effect of Treatment (F (2 4)=0.896; p=0.48). However, there was a significant
Treatment X Cocaine Dose interaction (Fg 12)=3.445; p=0.03). Post-hoc tests found that 0.1
mg/kg/hr lofexidine increased cocaine self-administration when 0.0032 mg/kg/inj cocaine
was available (p=0.003). Conversely, both 0.1 and 0.32 mg/kg/hr lofexidine, decreased the
number of injections earned when 0.1 mg/kg/inj cocaine was available for self-
administration (both p’s<0.05). * p<0.05 lofexidine treatment vs. cocaine baseline
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Figure 3. Behavioral Observations During and After Chronic Treatment with L ofexidine
Abscissa, mean change from baseline. Ordinates, behavior scored during daily observation
periods. All data points show the mean + SEM of three monkeys. Friedman’s test found that
chronic lofexidine treatment did not significantly change the behaviors observed different
from baseline (all p’s > 0.167). Cessation of lofexidine treatment also did not change any
behavioral ratings from saline (all p’s > 0.167).
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Behavioral Observation Scale

Table 1

Behavior

| Scale | Operational Definition

Apprehension/Arousal
. Shaking cage when Exp. enters area

. Quick motions in cage

a b~ W N P O

Not shown even on handling
Shown on handling

Shown on opening cage
Shown on touching cage door
Shown on standing before cage

Shown on looking into monkey’s eyes

Spontaneous Motor Activity

&~ W N B O

Sitting with head in tucked position
Sitting without large movement

Sitting with movements of head and arms
Sitting and walking in cage

Walking continuously in cage

Attention

A W N B O

Does not follow treat
Follows treat for 1 second
Follows treat for 2 seconds
Follows treat for 3 seconds

Follows treat for 4 seconds

Gross Motor Function

aa b~ W N P O

No movement

Unable to mount perch

Nearly unable to stay on perch
Slowed movement

Slightly slowed movement

No slowing of movement

Tremor

w N = O

None
Visible in fingers when moving

Visible in fingers and limbs when moving

Visible markedly in fingers and limbs when moving

Salivation/ Pupils

w N = O

None / Small Pupils (Needlepoint)

Moistening of lips / Normal Pupils

Recognizable but no dribbling/ Large Pupils (Dime)

Dribbling from mouth

Stereotypy

o

Absent

Present

Sedation

Drug Alcohol Depend. Author manuscript; available in PMC 2014 December 01.

No Sedation alert to environement

Slightly suppressed, little movement, quieter than usual

Moderately sedated: sitting, not reaching for pellets Responds to noise in the room.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Kohut et al.

Page 17

Behavior

| Scale | Operational Definition

| 3 | Heavily sedated; lying on floor of cage, no response to Exp.
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