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Abstract

Several self-administration models have been used to study the interactions between cocaine and heroin, and the schedule of reinforcemen
is an important consideration for these studies. Behavior maintained by cocaine, heroin or their combination was studied using a discrete
schedule that has been described for cocaine self-administration previously. This schedule permits 24 h access to drug without mortatity assoc
with unlimited access to cocaine, and provides unique measures related to the circadian pattern of drug self-administration. Cocaine and he
combined maintained higher rates of responding compared to either drug alone when a maximum of three infusions were available each |
(DT3), and decreased food intake compared to cocaine alone. There were significantly greater numbers of hours in both the light and dark cy
during which animals self-administered heroin or the combination of cocaine/heroin compared to cocaine alone. When the FR was increase
4 under the DT3 access conditions, responding maintained by cocaine or heroin extinguished to levels not different than those maintainec
saline while food reinforcement remained intact. The combination of cocaine and heroin maintained robust responding under these conditic
This schedule of reinforcement appears to elucidate behavioral interactions between cocaine and heroin that are more complex than rate of
consumption and may provide a procedure to address some of the issues related to co-abuse of these drugs.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction alone Ward et al., 2005; Wang et al., 200As no single rein-
forcement schedule can elucidate all aspects of drug-motivated
The combined abuse of cocaine and heroin has been docbehavior, there is a need to investigate the behavioral interac-
mented in humans and studied in laboratory animal models. Thiion of cocaine and heroin using additional self-administration
results of combining cocaine and heroin on self-administratiorparadigms.
in rodents and primates appear to be dependent on a num- A discrete trial self-administration procedure has been
ber of variables, including the dosing regimen and scheduléescribed that allows several variables to be assessed that are
of reinforcement. Isobolographic analysis of dose—effect curvegelevant for self-administration and may be relevant to human
for self-administration of cocaine, heroin and their combina-drug consumption patternkynhch and Roberts, 2004; Roberts
tion under FR schedules revealed an additive interaction in ratst al., 2002. A complex interaction between cocaine dose and
(Smith et al., 200pand an additive or sub-additive interaction in access conditions has been described with respect to circadian
primates Negus, 200k Some investigators report an enhance-patterns of drug intake as well as the effects on concurrent food
ment by heroin of the ability of cocaine to maintain respondingreinforcement. The ability of cocaine to produce distinct pat-
under progressive ratio schedules while others report no effeterns of drug intake when subjects are given 24 h access can be
of heroin Ranaldi and Munn, 1998; Ward et al., 2008sing  manipulated by either altering the dose of cocaine available for
choice procedures, others have found the combination of cocaireach infusion or the number of infusions allowed per hour of
and either heroin or methadone to be more potent than cocairaecess. A significant advantage of this procedure is that 24 h
access to cocaine self-administration can be studied without
lethality. Drug dependence is associated with an alteration of
* Corresponding author. Tel.: +1 336 716 8554; fax: +1 336 716 8501. circadian rhythms in humans and circadian rhythms have been
E-mail address: timartin@wfubmc.edu (T.J. Martin). shown to be an important variable to consider in the treatment
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of both opioid and cocaine dependen8attar et al., 2004; Lin Each trial was initiated by extension of the drug-reinforced lever
et al., 1997; Oyefeso et al., 199Therefore, a discrete trial into the chamber and illumination of a stimulus light above
schedule is potentially useful for evaluating the behavioral interthe lever. The lever was retracted and the stimulus light was
action between cocaine and heroin self-administration, as thigirned off following a lever press or after 9min had elapsed
schedule provides a means of assessing diurnal patterns of draipce the beginning of the trial, whichever event occurred first,
self-administration without the mortality associated with contin-until the end of the 20 min trial. Separate groups of rats were
uous access to psychostimulant self-administration in rodentsreated similarly, except that the ratio on the drug lever was
This study was undertaken to determine the applicability of thggradually increased to 4 during the initial training phase (40
discrete trial schedule described previouSlgberts etal., 2002  infusion limit). For these rats, drug self-administration was avail-
in examining the similarities and differences between respondable under a DT3-FR4 schedule, under which four lever presses
ing maintained by cocaine, heroin or their combination withwere required to obtain aninfusion (cocaiNe; 6; heroin N =5,
respect to diurnal patterns of self-administration and effects onombination N =5).
concurrent food reinforcement.
2.3. Food reinforcement
2. Methods
Lever presses on a second lever were reinforced by deliv-
2.1. Subjects ery of a standard 45mg rat chow pellet (Research Diets,
New Brunswick, NJ). For rats given DT3 access to drug self-
Subjects consisted of 67 male, Fisher 344 rats (Charles Riveesministration under FR1, food reinforcement was under FR1
Laboratories, Raleigh, NC) weighing 250-300 g at the beginas well. For rats given DT3 access to drug self-administration
ning of the experiments. Rats were kept on a reversed light:danknder FR4, food reinforcement was under FR4. For these
cycle (dark 05:00-17:00) in a temperature and humidity conanimals, the ratio on the food lever was gradually increased
trolled environment. Water was available ad libitum at all timesacross three to four sessions during the initial drug self-
during the experiments. All rats were implanted with chronicadministration training sessions (40 infusion limit). Food rein-
indwelling jugular catheters and maintained as reported previforcement was available on a continuous, unlimited basis for all
ously @mith et al., 200% All procedures were approved by animals.
the Animal Care and Use Committee of Wake Forest University
School of Medicine and adhered to the guidelines in the Guid@.4. Drugs and chemicals
for the Care and Use of Laboratory Animals as adopted and

promulgated by the National Institutes of Health. Cocaine hydrochloride and heroin hydrochloride were
obtained from the Drug Supply Program of the National Institute
2.2. Drug self-administration on Drug Abuse (Rockville, MD).

The procedures were similar to those reported previously.5. Data analysis
(Robertsetal., 2002For initial training, lever presses were rein-
forced by delivery of a maximum of 40 infusions/day of either Data were analyzed by ANOVA, with cocaine, heroin or
cocaine (0.5 mg/infN=17), heroin (0.0135mg/infy=17) or  cocaine/heroin dose serving as the independent variables and
their combination ¥ =N=17) under an FR1 schedule of rein- total daily infusions administered, total daily food pellets deliv-
forcement with continuous access to drug infusions. Infusiongred, infusions or food pellets delivered in the light or dark phase,
were given in 0.2 ml of 0.9% (w/v) NaCl with 1.7 U/ml of hep- hours during which no infusions were administered, hours dur-
arin sodium (Baxter Healthcare, Deerfield, IL) over 6.2s andng which no food pellets were obtained, or the hours during
were signaled by operation of a tone. Drug availability waswhich no infusions or food pellets were obtained in the light or
signaled by illumination of a stimulus light above the lever. If dark phase serving as the dependent measures. Post hoc com-
the maximum infusion limit was obtained, the drug-reinforcedparisons were made using Fisher’s L&fast. For the DT3-FR4
lever was retracted from the chamber and the stimulus light waschedule, the number of infusions or food pellets delivered was
turned off until 5:00 a.m. the next day. The doses were choseanalyzed using ANOVA with the number of days of access serv-
based on previous work using the DT3 schedule for cocaineg as the independent variable and post hoc analyses were
and based upon the ratio of cocaine/heroin that has been shoyerformed using the Bonferroni—Dumtest with day 1 of DT3-
to maintain comparable rates of responding on the descendirfgR4 access serving as the control.
limb of the dose—effect curve for self-administration under an
FR schedule $mith et al., 2006; Roberts et al., 200®nce 3. Results
responding on the drug-reinforced lever was stable (defined as 5
successive days during which the number of infusions delivered.l. DT3-FRI
did not vary by more than 10% of the mean), the schedule of
reinforcement was changed to discrete trial (DT3) access dur- Combining cocaine and heroin resulted in different total drug
ing which drug self-administration was available during discretdntake than either drug alon&if. 1A). The total number of
trials of 20 min as described previousRdberts et al., 2002  infusions delivered daily of 0.5/0.0135 mg of cocaine/heroin was
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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 infusionpelfetfood
(meant 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 co@biation (
under DT3-FR1 access (panels A, B) (mea8.E.M.). Significantly different from cocaine alorig,< 0.05. Significantly different from heroin along; <0.05.
Significantly different from dark cyclép < 0.05.

greater than either drug along&(R,49)=5.4,p=0.008]. This 3.2. DT3-FR4
was not due to a simple increase in self-administration of the
combination across all hours compared to each drug separately. Under DT3-FR4 access conditions, neither 0.5 mg of cocaine
Rather, the number of drug infusions of the combination wasior 0.0135 mg of heroin maintained stable responditig. (2).
significantly higher than cocaine alone during the dark phas&oth drugs readily engendered responding and animals attained
and significantly higher than heroin alone during the light phasetable baseline responding under FR4 with continuous access
[dark: F(2,49)=5.4p=0.008; light:F(2,49) =3.8p =0.03]. to drug. However, when the DT3 schedule was instated,
The number of hours during which rats self-administeredresponding extinguished over 4-5 days for all animals self-
drug infusions also differed between cocaine, heroin or the comadministering infusions of either 0.5 mg of cocaine or 0.0135 mg
bination. Rats engaged in self-administration of either heroirof heroin Fig. 2). The number of infusions administered of
or cocaine/heroin combinations in more hours during both th®.5 mg of cocaine was dependent upon the number of days of
light and dark phases of the cycle relative to cocaine alonaccess £(10,49)=4.9,p=0.0002] with the number of infu-
[F(2,49)=15.4p <0.0001] (data not shown). Although cocaine sions being lower than the first day after day 4 of access.
intake was not different between the light and dark cycles-ood intake increased as cocaine self-administration extin-
(Fig. 1A), the number of hours spent in self-administration wasguished F(10,49) =2.8p =0.02], with food intake being sig-
greater in the dark cycle relative to the light cycle. The num-nificantly higher on days 8-11 of DT3-FR4 access than on
ber of hours during which heroin or cocaine/heroin maintainedday 1. Self-administration of 0.0135 mg of heroin under DT3-
self-administration were not different between the light and darkER4 access was similar to that of cocaine in that lever pressing
cycles and were greater than that found with cocaine alone fatecreased over 4 days of acceg$§1p,49)=6.7,p<0.0001].
each cycle (data not shown). Food reinforcement was not affected over this time period
The effects of the combination of cocaine and heroin selfhowever F(10,49)=0.2,p=0.8]. Animals reacquired self-
administration on food reinforcement were minimeig. 1B). administration when allowed free access to a maximum of
Food maintained responding in a highly circadian manner com40 infusions/day under FR4, however again extinguished when
pared to drug infusions and the total daily food intake in ratshe DT3 schedule was reinstated (data not shown). In con-
self-administering cocaine was similar to that reported previtrast, the combination of 0.5 mg of cocaine with 0.0135 mg of
ously using a similar dosd_ynch and Roberts, 2004Total  heroin maintained stable self-administration under the DT3-
daily food reinforcement was less for rats self-administering thé-R4 schedule, and the number of infusions did not vary over
combination of cocaine and heroin relative to those with cocainélays of accessF|8,44)=1.0,p=0.4] (Fig. 2). Food intake
alone due to a decrease primarily during the light cyElg.(1B). increased over the first 3 days of DT3-FR4 access however
Rats self-administering heroin spent more hours obtaining foofF(8,44) =4.1p =0.001]. The number of infusions of the com-
pellets during the dark phase than rats self-administering infubination of cocaine and heroin administered daily was similar
sions of either cocaine or cocaine/heroin combinations (dathetween the groups of rats for which self-administration was
not shown) and food intake was higher during the dark cyclenaintained under the DT3-FR4 schedule compared to the num-
and lower during the light cycle relative to the cocaine groupber administered under the DT3-FR1 schedEilgg. 1A and 2.
(Fig. 1B). Food reinforcement was also not significantly different between
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(A) COCAINE similar to previous findings under DT3 access conditions of a
6001 60 similar dose of cocainéynch and Roberts, 2004nd in rats not
given access to drug self-administratidvigitin et al., 200%
8 4007 r40 g The DT3-FR4 schedule appears to indicate that the combina-
E ? tion of cocaine and heroin is of greater reinforcing efficacy than
200+ 20 2 either drug dose alone, as doses of cocaine and heroin that would
not maintain stable responding alone produced robust and stable
o0 . e 0 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 addit®mith et
al., 200§. Although previous work has demonstrated an increase
in the rate of self-administration of the combination of cocaine
and heroin relative to either drug alon®ngith et al., 2008
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
(C) COMBINATION intake than either drug alone at doses that provide robust behav-
600- o 160 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
200+ 20 : . o
Y dose ranges, as well as other ratios of cocaine and heroin in
combination. The ability to study the development and potential
0 T 10 15 20 250 negative consequences of drug dependence, such as decreased
food intake and loss of circadian behavior, while allowing 24 h
access to drug infusions in the absence of lethality could be use-

Fig. 2. (A-C) Effect of increasing the FR during DT access on drug and foodfy| for evaluating prospective pharmacotherapies for co-abuse of
self-administration. Data are shown from continuous access conditions Wi“i’hese drugs

40 infusion/day limit (closed circles) under FR4 schedule and following instate- R tstudies h h both similariti d dif .
ment of DT3 access under FR4 (closed diamonds). Data from sessions in which ecentstudies have shown both similariues and diierences in

saline was substituted for drug are denoted by EXT (closed triangles). Concufirug intake patterns maintained by cocaine, heroin or their com-
rent food self-administration under FR4, free access conditions are denoted withination. Both cocaine and heroin maintain a circadian pattern
open circles!, Significantly different from first day of DT3-FR4 access. of self-administration in rhesus monkeys under a second-order
fixed-ratio/variable-ratio schedule, with intake being higher in
these groups. Substitution of saline for either cocaine, heroin ahe afternoon compared to early morning and evenheg(s
cocaine/heroin combinations resulted in low rates of lever presst al., 1995. In contrast to the present data, the combination of
ing that were not significantly different between these groups otocaine and heroin under this schedule was found to maintain

(B) HEROIN  400-

400+

Pellets
Infusions

200+

400 5 ° 140

Pellets
Infusions

Days

animals Fig. 2). behavior in a manner similar to each drug alone with respect to
total daily drug intakeNiello etal., 199%. Studies using progres-
4. Discussion sive ratio schedules have proved to be equivocal in both rodents

and primates with respect to the effect of combining cocaine and

These data indicate that a discrete trial procedure is useful fdreroin on self-administration. Some studies report increases in
examining multiple behavioral outcomes that are influenced b¥inal ratios obtained or a shift in the dose—effect curve for cocaine
combining cocaine and heroin in a self-administration paradigmby heroin Rowlett et al., 2005; Duvauchelle et al., 1998; Ranaldi
This paradigm permits multiple measurements that describand Munn, 1998; Rowlett and Woolverton, 199&hereas oth-
several aspects of drug seeking behavior that short session prers report no effectWard et al., 200p Using a drug—food
cedures do not provide. Most importantly, the combination ofchoice procedure, the interaction between cocaine and heroin
cocaine and heroin was found to maintain self-administratiorappears to be additive or sub-additive in primabésgus, 200h
with characteristics similar to that of cocaine for some vari-Using a drug—drug choice procedure, combining a low dose of
ables (e.g., equivalent drug intake in the dark and light cyclesheroin with cocaine shifted the cocaine dose—effect curve to
and similar to that of heroin for others (e.g., hours spent selfthe left when paired against a moderate cocaine dose in rats,
administering drug in the dark and light cycles). Food reinforce-even though heroin was not chosen alone over cocaaed
ment was similar between groups, and generally displayed et al., 200%. These latter data suggest that combining cocaine
more circadian pattern than drug self-administration and wawith heroin produces greater relative reinforcing efficacy than
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cocaine alone. However, these studies have not addressed the@veilher, S., Semba, K., 2005. Indirect projections from the suprachiasmatic
relevance of diurnal rhythms on the combination of cocaine and nucleus to major arousal-promoting cell groups in rat: implications for
heroin self-administration. which has been Suggested to be an the circadian control of behavioural state. Neuroscience 130, 165-183.

important variable to consider for bharmacoloaical treatment OPurveiIher, S., Burns, J., Semba, K., 2002. Indirect projections from the
Imp varn I p gl suprachiasmatic nucleus to the ventrolateral preoptic nucleus: a dual tract-

drug dependencesgttar et al., 2004; Lin et al., 1997; Oyefeso  iracing study in rat. Eur. J. Neurosci. 16, 1195-1213.

etal., 1997. Duvauchelle, C.L., Sapoznik, T., Kornetsky, C., 1998. The synergistic effects
The ability to assess circadian patterns of both drug and o©f combining cocaine and heroin ('speedball’) using a progressive-

food reinforcement could be an important feature of the present ratio schedule of drug reinforcement. Pharmacol. Biochem. Behav. 61,

digm, in addition t ining total d d food intake, 2% 3%
paradigm, In addition to éxamining total drug and 1ood Inta e'Leak, R.K., Moore, R.Y., 2001. Topographic organization of suprachiasmatic

The.neurobiology of circgdian pehavior in rodents has bee_n nucleus projection neurons. J. Comp. Neurol. 433, 312-334.
studied, and the suprachiasmatic nucleus (SCN) of the mediain, SK., Strang, J., Su, LW., Tsai, C.J., Hu, W.H., 1997. Double-blind
hypothalamus is a key regioMgore and Leak, 2000; Wurts randomized controlled trial of lofexidine versus clonidine in the treatment

and Edgar, 2000The SCN sends output to the ventrolateral and _©f heroin withdrawal. Drug Alcohol Depend. 48, 127-133.

di i lei t trol circadi hvth d th Lynch, W.J., Roberts, D.C., 2004. Effects of cocaine self-administration on
median preoptic nuciel to control circadian rnythms an ree food-reinforced responding using a discrete trial procedure in rats. Neu-

brain regions appear to b_e involved_ in the relay of SCN output  opsychopharmacology 29, 669—675.

to these areas: the medial preoptic area (MPA), subparavemtartin, T.J., Kahn, W.R., Eisenach, J.C., 2005. Abdominal surgery decreases
tricular zone (SPZ) and the dorsomedial hypothalamus (DMH) food-reinforced operant responding in rats: relevance of incisional pain.
(Durveilher and Semba, 2003; Chou et al., 2002; Durveilher et Anesthesiology 103, 629-637.

. Mello, N.K., Negus, S.S., Lukas, S.E., Mendelson, J.H., Sholar, J.W., Drieze,
al.,, 2002; Leak and Moore, 20DIThe ventral tegmental area J., 1995. A primate model of polydrug abuse: cocaine and heroin com-

(VTA) receives input from the MPA and DMH and the locus  hinations. J. Pharmacol. Exp. Ther. 274, 1325-1337.

coeruleus (LC) receives afferents from the DMBluUfveilner  Moore, R.Y., Leak, R.H., 2000. Suprachiasmatic nucleus. In: Takahashi, J.S.,
and Semba, ZOQSSince neuronal activity intheVTAand LC are Turek, F.W., Moore, R.Y. (Eds.), Circadian Clocks: Handbook of Behav-
influenced by both stimulants and OpiOidS, input from structures ioral Neurobiology. Kluwer Academic/Plenum Publishers, New York, pp.

that influence circadian sleep—wake cycles may alter the circg; 141-179. . R _
Ei\legus, S.S., 2005. Interactions between the reinforcing effects of cocaine

diar_‘ patterns_ofc_irug reinfo_rcemem- Seroton_ergic systems_in the ‘and heroin in a drug-vs-food choice procedure in rhesus monkeys: a
brainstem, principally within the raphe nuclei have a prominent dose-addition analysis. Psychopharmacology 180, 115-124.

role in sleep—wake cycles as well, and there is a vast literaturidegus, S.S., Mello, N.K,, Lukas, S.E., Mendelson, J.H., 1995. Diurnal
on the anatomical topography and regulation of these regions patterns of cocaine and heroin self-administration in rhesus monkeys

. . . responding under a schedule of multiple daily sessions. Behav. Phar-
(review, Abrams et al., 2004 Both opiates and psychostim- =~ 6, 763-775.

ulants influence serotonergic af:tiVity within raphg nuclei EJtmeyefeso, A., Sedgwick, P., Ghodse, H., 1997. Subjective sleep-wake parame-
the relevance of the neurochemical effects of cocaine, heroin or ters in treatment-seeking opiate addicts. Drug Alcohol Depend. 48, 9-16.

their combination on these systems has not been documentedR®analdi, R., Munn, E., 1998. Polydrug self-administration in rats: cocaine-

a self-administration paradigm. The investigation of the influ- 22;‘2” is more rewarding than cocaine alone. Neuroreport 9, 2463—
ence of drugs of abuse on these systems could ad significant NneW, ..« o c. Brebner K. Vincler M Lynch, W.J., 2002. Patterns of

information about the development of drug dependence, SinCe cocaine self-administration in rats produced by various access conditions
disruption of circadian rhythms during this process is likely an  under a discrete trials procedure. Drug Alcohol Depend. 67, 291-299.
important variable to consider for treatment modalities. The DTRowlett, J.K., Woolverton, W.L., 1997. Self-administration of cocaine and
schedule described in the present study appears to be an apprc)_heroin combinations by rhesus monkeys responding under a progressive-

. f h . . . h . hei ratio schedule. Psychopharmacology 133, 363-371.
priate procedure or such studies using cocaine, heroin or t egowlett, J.K., Rodefer, J.S., Spealman, R.D., 2005. Self-administration of

combination. cocaine-opioid combinations by rhesus monkeys: evaluation of the role
of mu receptor efficacy using labor supply analysis. J. Pharmacol. Exp.
Ther. 312, 1289-1297.
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