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Self-administration of heroin, cocaine and their combination
under a discrete trial schedule of reinforcement in rats
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Abstract

Several self-administration models have been used to study the interactions between cocaine and heroin, and the schedule of reinforcement used
is an important consideration for these studies. Behavior maintained by cocaine, heroin or their combination was studied using a discrete trial
schedule that has been described for cocaine self-administration previously. This schedule permits 24 h access to drug without mortality associated
with unlimited access to cocaine, and provides unique measures related to the circadian pattern of drug self-administration. Cocaine and heroin
combined maintained higher rates of responding compared to either drug alone when a maximum of three infusions were available each hour
(DT3), and decreased food intake compared to cocaine alone. There were significantly greater numbers of hours in both the light and dark cycles
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uring which animals self-administered heroin or the combination of cocaine/heroin compared to cocaine alone. When the FR was i
under the DT3 access conditions, responding maintained by cocaine or heroin extinguished to levels not different than those ma

aline while food reinforcement remained intact. The combination of cocaine and heroin maintained robust responding under these
his schedule of reinforcement appears to elucidate behavioral interactions between cocaine and heroin that are more complex than
onsumption and may provide a procedure to address some of the issues related to co-abuse of these drugs.
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. Introduction

The combined abuse of cocaine and heroin has been docu-
ented in humans and studied in laboratory animal models. The

esults of combining cocaine and heroin on self-administration
n rodents and primates appear to be dependent on a num-
er of variables, including the dosing regimen and schedule
f reinforcement. Isobolographic analysis of dose–effect curves

or self-administration of cocaine, heroin and their combina-
ion under FR schedules revealed an additive interaction in rats
Smith et al., 2006) and an additive or sub-additive interaction in
rimates (Negus, 2005). Some investigators report an enhance-
ent by heroin of the ability of cocaine to maintain responding
nder progressive ratio schedules while others report no effect
f heroin (Ranaldi and Munn, 1998; Ward et al., 2005). Using
hoice procedures, others have found the combination of cocaine
nd either heroin or methadone to be more potent than cocaine
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alone (Ward et al., 2005; Wang et al., 2001). As no single rein
forcement schedule can elucidate all aspects of drug-moti
behavior, there is a need to investigate the behavioral int
tion of cocaine and heroin using additional self-administra
paradigms.

A discrete trial self-administration procedure has b
described that allows several variables to be assessed th
relevant for self-administration and may be relevant to hu
drug consumption patterns (Lynch and Roberts, 2004; Robe
et al., 2002). A complex interaction between cocaine dose
access conditions has been described with respect to circ
patterns of drug intake as well as the effects on concurrent
reinforcement. The ability of cocaine to produce distinct
terns of drug intake when subjects are given 24 h access c
manipulated by either altering the dose of cocaine availab
each infusion or the number of infusions allowed per hou
access. A significant advantage of this procedure is that
access to cocaine self-administration can be studied wi
lethality. Drug dependence is associated with an alteratio
circadian rhythms in humans and circadian rhythms have
shown to be an important variable to consider in the treat
376-8716/$ – see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.drugalcdep.2005.11.018

DAD-2684; No. of Pages 5



2 T.J. Martin et al. / Drug and Alcohol Dependence xxx (2006) xxx–xxx

of both opioid and cocaine dependence (Sattar et al., 2004; Lin
et al., 1997; Oyefeso et al., 1997). Therefore, a discrete trial
schedule is potentially useful for evaluating the behavioral inter-
action between cocaine and heroin self-administration, as this
schedule provides a means of assessing diurnal patterns of drug
self-administration without the mortality associated with contin-
uous access to psychostimulant self-administration in rodents.
This study was undertaken to determine the applicability of the
discrete trial schedule described previously (Roberts et al., 2002)
in examining the similarities and differences between respond-
ing maintained by cocaine, heroin or their combination with
respect to diurnal patterns of self-administration and effects on
concurrent food reinforcement.

2. Methods

2.1. Subjects

Subjects consisted of 67 male, Fisher 344 rats (Charles Rivers
Laboratories, Raleigh, NC) weighing 250–300 g at the begin-
ning of the experiments. Rats were kept on a reversed light:dark
cycle (dark 05:00–17:00) in a temperature and humidity con-
trolled environment. Water was available ad libitum at all times
during the experiments. All rats were implanted with chronic
indwelling jugular catheters and maintained as reported previ-
ously (Smith et al., 2006). All procedures were approved by
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S uide
f and
p

2

usly
( in-
f her
c
t in-
f ions
w p-
a and
w was
s r. If
t ced
l t wa
t ose
b aine
a how
t ndin
l r an
F
r d as
s ered
d le o
r dur
i rete
t

Each trial was initiated by extension of the drug-reinforced lever
into the chamber and illumination of a stimulus light above
the lever. The lever was retracted and the stimulus light was
turned off following a lever press or after 9 min had elapsed
since the beginning of the trial, whichever event occurred first,
until the end of the 20 min trial. Separate groups of rats were
treated similarly, except that the ratio on the drug lever was
gradually increased to 4 during the initial training phase (40
infusion limit). For these rats, drug self-administration was avail-
able under a DT3-FR4 schedule, under which four lever presses
were required to obtain an infusion (cocaine,N = 6; heroin,N = 5,
combination,N = 5).

2.3. Food reinforcement

Lever presses on a second lever were reinforced by deliv-
ery of a standard 45 mg rat chow pellet (Research Diets,
New Brunswick, NJ). For rats given DT3 access to drug self-
administration under FR1, food reinforcement was under FR1
as well. For rats given DT3 access to drug self-administration
under FR4, food reinforcement was under FR4. For these
animals, the ratio on the food lever was gradually increased
across three to four sessions during the initial drug self-
administration training sessions (40 infusion limit). Food rein-
forcement was available on a continuous, unlimited basis for all
animals.
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he Animal Care and Use Committee of Wake Forest Unive
chool of Medicine and adhered to the guidelines in the G

or the Care and Use of Laboratory Animals as adopted
romulgated by the National Institutes of Health.

.2. Drug self-administration

The procedures were similar to those reported previo
Roberts et al., 2002). For initial training, lever presses were re
orced by delivery of a maximum of 40 infusions/day of eit
ocaine (0.5 mg/inf,N = 17), heroin (0.0135 mg/inf,N = 17) or
heir combination (N = N = 17) under an FR1 schedule of re
orcement with continuous access to drug infusions. Infus
ere given in 0.2 ml of 0.9% (w/v) NaCl with 1.7 U/ml of he
rin sodium (Baxter Healthcare, Deerfield, IL) over 6.2 s
ere signaled by operation of a tone. Drug availability
ignaled by illumination of a stimulus light above the leve
he maximum infusion limit was obtained, the drug-reinfor
ever was retracted from the chamber and the stimulus ligh
urned off until 5:00 a.m. the next day. The doses were ch
ased on previous work using the DT3 schedule for coc
nd based upon the ratio of cocaine/heroin that has been s

o maintain comparable rates of responding on the desce
imb of the dose–effect curve for self-administration unde
R schedule (Smith et al., 2006; Roberts et al., 2002). Once
esponding on the drug-reinforced lever was stable (define
uccessive days during which the number of infusions deliv
id not vary by more than 10% of the mean), the schedu
einforcement was changed to discrete trial (DT3) access
ng which drug self-administration was available during disc
rials of 20 min as described previously (Roberts et al., 2002).
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.4. Drugs and chemicals

Cocaine hydrochloride and heroin hydrochloride w
btained from the Drug Supply Program of the National Inst
n Drug Abuse (Rockville, MD).

.5. Data analysis

Data were analyzed by ANOVA, with cocaine, heroin
ocaine/heroin dose serving as the independent variable
otal daily infusions administered, total daily food pellets de
red, infusions or food pellets delivered in the light or dark ph
ours during which no infusions were administered, hours

ng which no food pellets were obtained, or the hours du
hich no infusions or food pellets were obtained in the ligh
ark phase serving as the dependent measures. Post ho
arisons were made using Fisher’s LSDt-test. For the DT3-FR
chedule, the number of infusions or food pellets delivered
nalyzed using ANOVA with the number of days of access s

ng as the independent variable and post hoc analyses
erformed using the Bonferroni–Dunnt-test with day 1 of DT3
R4 access serving as the control.

. Results

.1. DT3-FR1

Combining cocaine and heroin resulted in different total d
ntake than either drug alone (Fig. 1A). The total number o
nfusions delivered daily of 0.5/0.0135 mg of cocaine/heroin
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Fig. 1. Self-administration of cocaine, heroin and their combination during light and dark cycles under DT3 access. Number of drug infusions and foodpellets
(mean± S.E.M. for last 5 days of access) obtained during the entire day or in the light or dark cycles are shown for cocaine (C), heroin (H) or their combination (C/H)
under DT3-FR1 access (panels A, B) (mean± S.E.M.). Significantly different from cocaine alone,* p < 0.05. Significantly different from heroin alone,$p < 0.05.
Significantly different from dark cycle,#p < 0.05.

greater than either drug alone [F(2,49) = 5.4,p = 0.008]. This
was not due to a simple increase in self-administration of the
combination across all hours compared to each drug separately.
Rather, the number of drug infusions of the combination was
significantly higher than cocaine alone during the dark phase
and significantly higher than heroin alone during the light phase
[dark: F(2,49) = 5.4,p = 0.008; light:F(2,49) = 3.8,p = 0.03].

The number of hours during which rats self-administered
drug infusions also differed between cocaine, heroin or the com-
bination. Rats engaged in self-administration of either heroin
or cocaine/heroin combinations in more hours during both the
light and dark phases of the cycle relative to cocaine alone
[F(2,49) = 15.4,p < 0.0001] (data not shown). Although cocaine
intake was not different between the light and dark cycles
(Fig. 1A), the number of hours spent in self-administration was
greater in the dark cycle relative to the light cycle. The num-
ber of hours during which heroin or cocaine/heroin maintained
self-administration were not different between the light and dark
cycles and were greater than that found with cocaine alone for
each cycle (data not shown).

The effects of the combination of cocaine and heroin self-
administration on food reinforcement were minimal (Fig. 1B).
Food maintained responding in a highly circadian manner com-
pared to drug infusions and the total daily food intake in rats
self-administering cocaine was similar to that reported previ-
ously using a similar dose (Lynch and Roberts, 2004). Total
d the
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a
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a oup
(

3.2. DT3-FR4

Under DT3-FR4 access conditions, neither 0.5 mg of cocaine
nor 0.0135 mg of heroin maintained stable responding (Fig. 2).
Both drugs readily engendered responding and animals attained
stable baseline responding under FR4 with continuous access
to drug. However, when the DT3 schedule was instated,
responding extinguished over 4–5 days for all animals self-
administering infusions of either 0.5 mg of cocaine or 0.0135 mg
of heroin (Fig. 2). The number of infusions administered of
0.5 mg of cocaine was dependent upon the number of days of
access [F(10,49) = 4.9,p = 0.0002] with the number of infu-
sions being lower than the first day after day 4 of access.
Food intake increased as cocaine self-administration extin-
guished [F(10,49) = 2.8,p = 0.02], with food intake being sig-
nificantly higher on days 8–11 of DT3-FR4 access than on
day 1. Self-administration of 0.0135 mg of heroin under DT3-
FR4 access was similar to that of cocaine in that lever pressing
decreased over 4 days of access [F(10,49) = 6.7,p < 0.0001].
Food reinforcement was not affected over this time period
however [F(10,49) = 0.2, p = 0.8]. Animals reacquired self-
administration when allowed free access to a maximum of
40 infusions/day under FR4, however again extinguished when
the DT3 schedule was reinstated (data not shown). In con-
trast, the combination of 0.5 mg of cocaine with 0.0135 mg of
heroin maintained stable self-administration under the DT3-
F over
d
i ever
[ m-
b ilar
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m num-
b
F een
aily food reinforcement was less for rats self-administering
ombination of cocaine and heroin relative to those with coc
lone due to a decrease primarily during the light cycle (Fig. 1B).
ats self-administering heroin spent more hours obtaining
ellets during the dark phase than rats self-administering
ions of either cocaine or cocaine/heroin combinations
ot shown) and food intake was higher during the dark c
nd lower during the light cycle relative to the cocaine gr
Fig. 1B).
-

R4 schedule, and the number of infusions did not vary
ays of access [F(8,44) = 1.0,p = 0.4] (Fig. 2). Food intake

ncreased over the first 3 days of DT3-FR4 access how
F(8,44) = 4.1,p = 0.001]. The number of infusions of the co
ination of cocaine and heroin administered daily was sim
etween the groups of rats for which self-administration
aintained under the DT3-FR4 schedule compared to the
er administered under the DT3-FR1 schedule (Figs. 1A and 2).
ood reinforcement was also not significantly different betw
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Fig. 2. (A–C) Effect of increasing the FR during DT access on drug and food
self-administration. Data are shown from continuous access conditions with
40 infusion/day limit (closed circles) under FR4 schedule and following instate-
ment of DT3 access under FR4 (closed diamonds). Data from sessions in whic
saline was substituted for drug are denoted by EXT (closed triangles). Concur
rent food self-administration under FR4, free access conditions are denoted wit
open circles.* , Significantly different from first day of DT3-FR4 access.

these groups. Substitution of saline for either cocaine, heroin o
cocaine/heroin combinations resulted in low rates of lever press
ing that were not significantly different between these groups o
animals (Fig. 2).

4. Discussion

These data indicate that a discrete trial procedure is useful fo
examining multiple behavioral outcomes that are influenced by
combining cocaine and heroin in a self-administration paradigm
This paradigm permits multiple measurements that describ
several aspects of drug seeking behavior that short session pr
cedures do not provide. Most importantly, the combination of
cocaine and heroin was found to maintain self-administration
with characteristics similar to that of cocaine for some vari-
ables (e.g., equivalent drug intake in the dark and light cycles
and similar to that of heroin for others (e.g., hours spent self-
administering drug in the dark and light cycles). Food reinforce-
ment was similar between groups, and generally displayed
more circadian pattern than drug self-administration and was

similar to previous findings under DT3 access conditions of a
similar dose of cocaine (Lynch and Roberts, 2004) and in rats not
given access to drug self-administration (Martin et al., 2005).
The DT3-FR4 schedule appears to indicate that the combina-
tion of cocaine and heroin is of greater reinforcing efficacy than
either drug dose alone, as doses of cocaine and heroin that would
not maintain stable responding alone produced robust and stable
self-administration in combination. The present data do not per-
mit an analysis of the interaction between cocaine and heroin
with respect to additivity or supra-additivity, however recent
studies would suggest that this interaction is additive (Smith et
al., 2006). Although previous work has demonstrated an increase
in the rate of self-administration of the combination of cocaine
and heroin relative to either drug alone (Smith et al., 2006),
this occurs at very low doses of each drug that are difficult to
study pharmacologically or neurochemically, as the behavior
maintained by these doses of cocaine and heroin alone is not
robust and varies significantly between subjects. However, the
combination of cocaine and heroin maintained higher rates of
intake than either drug alone at doses that provide robust behav-
ioral measures for each drug under the DT3 schedule, which
should make pharmacological and neurochemical studies more
feasible than procedures that utilize small doses on the ascend-
ing limb of the dose-effect function. The generalities of these
findings need to be determined in future studies using broader
dose ranges, as well as other ratios of cocaine and heroin in
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ombination. The ability to study the development and pote
egative consequences of drug dependence, such as dec

ood intake and loss of circadian behavior, while allowing 2
ccess to drug infusions in the absence of lethality could be

ul for evaluating prospective pharmacotherapies for co-abu
hese drugs.

Recent studies have shown both similarities and differenc
rug intake patterns maintained by cocaine, heroin or their
ination. Both cocaine and heroin maintain a circadian pa
f self-administration in rhesus monkeys under a second-
xed-ratio/variable-ratio schedule, with intake being highe
he afternoon compared to early morning and evening (Negus
t al., 1995). In contrast to the present data, the combinatio
ocaine and heroin under this schedule was found to ma
ehavior in a manner similar to each drug alone with respe

otal daily drug intake (Mello et al., 1995). Studies using progre
ive ratio schedules have proved to be equivocal in both ro
nd primates with respect to the effect of combining cocaine
eroin on self-administration. Some studies report increas
nal ratios obtained or a shift in the dose–effect curve for coc
y heroin (Rowlett et al., 2005; Duvauchelle et al., 1998; Ran
nd Munn, 1998; Rowlett and Woolverton, 1997), whereas oth
rs report no effect (Ward et al., 2005). Using a drug–foo
hoice procedure, the interaction between cocaine and h
ppears to be additive or sub-additive in primates (Negus, 2005).
sing a drug–drug choice procedure, combining a low do
eroin with cocaine shifted the cocaine dose–effect curv

he left when paired against a moderate cocaine dose in
ven though heroin was not chosen alone over cocaine (Ward
t al., 2005). These latter data suggest that combining coc
ith heroin produces greater relative reinforcing efficacy
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cocaine alone. However, these studies have not addressed the
relevance of diurnal rhythms on the combination of cocaine and
heroin self-administration, which has been suggested to be an
important variable to consider for pharmacological treatment of
drug dependence (Sattar et al., 2004; Lin et al., 1997; Oyefeso
et al., 1997).

The ability to assess circadian patterns of both drug and
food reinforcement could be an important feature of the present
paradigm, in addition to examining total drug and food intake.
The neurobiology of circadian behavior in rodents has been
studied, and the suprachiasmatic nucleus (SCN) of the medial
hypothalamus is a key region (Moore and Leak, 2000; Wurts
and Edgar, 2000). The SCN sends output to the ventrolateral and
median preoptic nuclei to control circadian rhythms and three
brain regions appear to be involved in the relay of SCN output
to these areas: the medial preoptic area (MPA), subparaven-
tricular zone (SPZ) and the dorsomedial hypothalamus (DMH)
(Durveilher and Semba, 2003; Chou et al., 2002; Durveilher et
al., 2002; Leak and Moore, 2001). The ventral tegmental area
(VTA) receives input from the MPA and DMH and the locus
coeruleus (LC) receives afferents from the DMH (Durveilher
and Semba, 2005). Since neuronal activity in the VTA and LC are
influenced by both stimulants and opioids, input from structures
that influence circadian sleep–wake cycles may alter the circa-
dian patterns of drug reinforcement. Serotonergic systems in the
brainstem, principally within the raphe nuclei have a prominent
r atur
o gion
( m-
u and
t in o
t ted
a flu-
e t ne
i sinc
d an
i DT
s app
p the
c

A

634
( d by
s

R

A and
Sci.

C C.B.,
i. 22,

D matic
–106

Durveilher, S., Semba, K., 2005. Indirect projections from the suprachiasmatic
nucleus to major arousal-promoting cell groups in rat: implications for
the circadian control of behavioural state. Neuroscience 130, 165–183.

Durveilher, S., Burns, J., Semba, K., 2002. Indirect projections from the
suprachiasmatic nucleus to the ventrolateral preoptic nucleus: a dual tract-
tracing study in rat. Eur. J. Neurosci. 16, 1195–1213.

Duvauchelle, C.L., Sapoznik, T., Kornetsky, C., 1998. The synergistic effects
of combining cocaine and heroin (‘speedball’) using a progressive-
ratio schedule of drug reinforcement. Pharmacol. Biochem. Behav. 61,
297–302.

Leak, R.K., Moore, R.Y., 2001. Topographic organization of suprachiasmatic
nucleus projection neurons. J. Comp. Neurol. 433, 312–334.

Lin, S.K., Strang, J., Su, L.W., Tsai, C.J., Hu, W.H., 1997. Double-blind
randomized controlled trial of lofexidine versus clonidine in the treatment
of heroin withdrawal. Drug Alcohol Depend. 48, 127–133.

Lynch, W.J., Roberts, D.C., 2004. Effects of cocaine self-administration on
food-reinforced responding using a discrete trial procedure in rats. Neu-
ropsychopharmacology 29, 669–675.

Martin, T.J., Kahn, W.R., Eisenach, J.C., 2005. Abdominal surgery decreases
food-reinforced operant responding in rats: relevance of incisional pain.
Anesthesiology 103, 629–637.

Mello, N.K., Negus, S.S., Lukas, S.E., Mendelson, J.H., Sholar, J.W., Drieze,
J., 1995. A primate model of polydrug abuse: cocaine and heroin com-
binations. J. Pharmacol. Exp. Ther. 274, 1325–1337.

Moore, R.Y., Leak, R.H., 2000. Suprachiasmatic nucleus. In: Takahashi, J.S.,
Turek, F.W., Moore, R.Y. (Eds.), Circadian Clocks: Handbook of Behav-
ioral Neurobiology. Kluwer Academic/Plenum Publishers, New York, pp.
141–179.

Negus, S.S., 2005. Interactions between the reinforcing effects of cocaine
and heroin in a drug-vs-food choice procedure in rhesus monkeys: a
dose-addition analysis. Psychopharmacology 180, 115–124.

N urnal
nkeys
Phar-

O rame-
9–16.

R aine-
463–

R s of
itions
99.

R and
ssive-

R on of
role

Exp.

S ine in
urosci.

S elf-
rein-

ellular

W rce-
ocaine
rcers?

W rcing
e ratio
295.

W d eye
hias-
ole in sleep–wake cycles as well, and there is a vast liter
n the anatomical topography and regulation of these re
review, Abrams et al., 2004). Both opiates and psychosti
lants influence serotonergic activity within raphe nuclei

he relevance of the neurochemical effects of cocaine, hero
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