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To compare neuronal activity within the mesocorticolimbic cir-
cuit during the self-administration of cocaine and heroin,
multiple-channel single-unit recordings of spike activity within
the rat medial prefrontal cortex (mPFC) and nucleus accum-
bens (NAc) were obtained during the consecutive self-
administration of cocaine and heroin within the same session.
The variety of neuronal responses observed before the lever
press are termed anticipatory responses, and those observed
after the lever press are called post-drug infusion responses.
For the total of the 110 mPFC and 111 NAc neurons recorded,
30–50% of neurons, depending on the individual sessions, had
no alteration in spike activity in relation to either cocaine or
heroin self-administration. Among the neurons exhibiting sig-
nificant neuronal responses during a self-administration ses-
sion, only a small portion (16–25%) of neurons responded
similarly under both reinforcement conditions; the majority of
neurons (75–84%) responded differently to cocaine and heroin
self-administration as revealed by variations in both anticipa-

tory and/or post-drug infusion responses. A detailed video
analysis of specific movements to obtain the self-
administration of both drugs provided evidence against the
possibility that locomotive differences contributed to the ob-
served differences in anticipatory responses. The overall mean
activity of neurons recorded in mPFC and NAc measured
across the duration of the session segment for either cocaine or
heroin self-administration also was different for some neurons
under the two reinforcement conditions. This study provides
direct evidence that, in mPFC and NAc, heterogeneous neuro-
nal circuits mediate cocaine and heroin self-administration and
that distinct, but overlapping, subpopulations of neurons in
these areas become active during operant responding for dif-
ferent reinforcers.
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A consensus exists that the mesocorticolimbic circuit is in-
volved in both cocaine and heroin self-administration (Zito et
al., 1985; Wise and Rompre, 1989; Koob, 1992; Wise, 1996).
However, the degree to which common versus independent
neuronal circuits are used to mediate a similar behavior driven
by a different reinforcer is not yet clear. Reciprocal intercon-
nections are found among the mesocorticolimbic structures.
The medial prefrontal cortex (mPFC) projects to the nucleus
accumbens (NAc), amygdala, and ventral tegmental area
(VTA) (Berendse et al., 1992, Naito and Kita, 1994). The NAc,
in turn, sends a projection back to the frontal cortex via
substantia nigra reticulata, ventral pallidum, and the medial
dorsal thalamic nucleus (Zahm et al., 1987; Groenewegen, 1988;
Groenewegen et al., 1990; Deniau et al., 1994). Dense dopamine
and opioid receptors located within these areas provide for the
anatomic basis that contributes to the multiple actions of cocaine
and heroin on the mesocorticolimbic reward system (Mansour et
al., 1987, 1994; Tempel and Zukin, 1987).

An emerging hypothesis is that cocaine and heroin to some
extent share a common pathway within the mesocorticolimbic
system, perhaps via subgroups of medium spiny neurons in the

NAc, for the mediation of their rewarding actions (Wise and
Bozarth, 1985). In this view, the NAc medium spiny neuron is
necessary for drug-reinforced operant responding, independent of
whether the primary receptor-mediated drug action is directly on
these neurons, on neurons of other afferent regions (for example,
the VTA), or both. Supporting this idea is the finding that the
integrity of the NAc is required for both cocaine and heroin
self-administration, as demonstrated by reductions in operant re-
sponding for either drug after cell body lesions of this region (Zito
et al., 1985). In addition, microinjection of opioid and dopamine
receptor antagonists into the NAc selectively impairs heroin and
cocaine self-administration, respectively (Vaccarino et al., 1985;
Corrigall and Vaccarino 1988; Caine et al., 1995).

A specific role of the mPFC in drug self-administration is less
well defined, even though the direct self-administration of co-
caine into the mPFC has been reported (Goeders and Smith,
1983, 1986), and lesions of mPFC have resulted in an increase in
the rate of responding for intravenous morphine self-
administration (Glick and Cox, 1978). Although 6-OHDA lesions
of the dopaminergic input to the mPFC suggest that dopamine
input to the mPFC is not required for intravenous cocaine self-
administration (Martin-Inverson et al., 1986), the presence of
substantial direct and indirect projections from the mPFC to the
NAc indicates that these regions may function together to control
drug self-administration. Indeed, recent electrophysiological
studies found that neurons of the mPFC and NAc show phasic
alterations in activity during operant responding for intravenous
cocaine (Chang et al., 1990; 1994; 1997a) and heroin (Chang et
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al., 1997b), suggesting that the mPFC, along with interconnected
regions, may contribute to behaviors related to drug self-
administration.

Evidence that dopamine levels within the NAc are altered
during both opiate (Wise et al., 1995a) and stimulant (Petit and
Justice, 1989, 1991; Wise et al., 1995b; Kiyatkin and Stein,
1996) self-administration suggests a common mechanism at the
level of the NAc for the mediation of opiate and stimulant
reward (Hemby et al., 1995). In contrast, studies of dopamine
depletion (Petit et al., 1984; Gerrits and VanRee, 1996) or
antagonism (Ettenberg et al., 1982) suggest that opiate self-
administration is not largely dependent on dopamine input to
the NAc.

The working hypothesis for the present study was that, if a
common pathway within the mesocorticolimbic system is in-
volved in cocaine and heroin self-administration, one would
expect to see similar responses for both cocaine and heroin
self-administration in the same neuron. An alternative hypoth-
esis supported by the results of the current study is that
different functional neuronal networks are wired up by cocaine
and heroin self-administration and, therefore, different neuro-
nal responses should emerge in the same neuron during co-
caine and heroin self-administration, respectively. Preliminary
results of this study were presented in abstract form (Chang
and Woodward, 1996).

MATERIALS AND METHODS
Animals and surgery. Ten young adult male Sprague Dawley rats weighing
250–300 gm were used in these experiments. Animals were housed under
a reverse light /dark cycle (lights off from 7:00 A.M. to 7:00 P.M.). Except
during initial lever press response shaping, food and water was available
ad libitum. Surgical procedures are described here briefly and in detail in
Chang et al. (1994). In preparation for catheterization surgery, rats were
anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg, i.m.).
Under sterile conditions, SILASTIC tubing [Dow Corning; 26 mm long,
0.3 mm inner diameter (i.d.) cannula tubing, connected to a 90-mm-long,
0.6 mm i.d. outlet tubing] was inserted in the right jugular vein for
subsequent intravenous drug infusion. The infusion tubing was glued to
a SILASTIC implant sheeting that was sutured to subdermal connective
tissue. The exposed plugged end of the tubing emanated from the dorsal
aspect of the neck.

Recording microwires were implanted after training for cocaine and
heroin self-administration. Anesthesia was the same as in the catheter-
ization surgery. Four splayed bundles of eight stainless steel Teflon-
insulated microwires (45–62 mm diameter; NB Labs, Denison, TX),
soldered to connecting pins on a head stage, were stereotaxically lowered
bilaterally into the mPFC and NAc (eight wires per side) (Chang et al.,
1994). Coordinates for the mPFC and NAc were obtained from the atlas
of Paxinos and Watson (1986): for mPFC, 0.5 mm lateral to midline,
3.5–3.8 mm anterior to bregma, 3.5–4.0 mm ventral to the dorsal surface
of the brain; for NAc, 1.4–1.5 mm lateral, 1.8–2.0 mm anterior and 6.5–7
mm ventral. In addition, ground wires were positioned ;2 mm ventral to
the cortical surface. The head stage was secured onto the cranium with
dental cement using skull screws as anchors. The head stage and dental
cement weighed ;10 gm. The animal received ampicillin (60,000 U, i.m.)
after surgery. Animals were housed individually after surgery and
treated in accordance with the United States Public Health Service
Guide for the Care and Use of Laboratory Animals.

Apparatus and behavioral training. Two to 3 d after intravenous cath-
eterization, rats were placed in separate rectangular operant condition-
ing cages, each of which was enclosed in a sound-attenuating chamber.
The base of the cage was 20 cm 3 23 cm and was 20 cm in height. A lever
was mounted on one wall 8 cm above the cage floor. Daily experimental
sessions began ;2 hr into the animal’s dark cycle and lasted ;3 to 4 hr.
Rats were trained initially to press the lever for a water reinforcer using
a continuous reinforcement schedule; cocaine or heroin was substituted
later for water. Drug self-administration training started with a contin-
uous reinforcement schedule in which each lever press activated the
pump for 4 sec thereby infusing ;1.0 mg/kg cocaine or 30 mg/kg heroin

in 0.1 ml of lactated Ringer’s solution into the jugular vein. The indwell-
ing jugular cannula was connected to an infusion pump via a plastic tube.
Twenty second time-out periods were imposed immediately after drug
delivery, during which the lever was inactivated to prevent an overdose of
drugs. Once stable rates of responding were achieved for cocaine or
heroin, a different drug was introduced in the following sessions until
responding stabilized. Rats were then self-administering cocaine and
heroin on alternative days. Well trained rats pressed the lever for cocaine
self-administration approximately every 3–4 min and heroin approxi-
mately every 10–15 min. To compare the effects of self-administered and
passively administered cocaine and heroin on the neuronal activity,
cocaine (1 mg/kg per infusion) and heroin (30 mg/kg per infusion) were
passively infused into the jugular vein by a computer-controlled timer.
Random intervals were used that were within the range of mean 6 SE of
the intertrial intervals obtained during self-administration sessions in the
same animal.

Once the rats were trained, surgery was performed to implant micro-
wires in the recording regions. After 5 d of recovery, extracellular
recording of mPFC and NAc spike activities during self-administration
sessions was accomplished by connecting a field effect transistor head
stage plug and lightweight cabling onto the implanted microwire assem-
bly. The cabling was in turn connected to a commutator located in the
center of the ceiling of the chamber. The commutator was free to turn as
necessary. In this manner, the animal was permitted unrestricted move-
ment in the operant chamber.

Electrophysiolog ical recording. Electrophysiological recording during
self-administration sessions was started with a 200 sec control period
during which the lever was not available. The neuronal firing rate during
this period served as baseline predrug activity for comparison with
activity during the period of cocaine and heroin self-administration.
After the control period, the lever became available, and a lever press by
subjects led to an intravenous infusion of either cocaine or heroin,
depending on which drug was used as the first reinforcer. In the middle
of the session (generally after more than eight lever presses were made),
a change of drug was accomplished by switching the syringe and thor-
oughly flushing the connecting tubing. The assignment of the drug that
served as the first reinforcer each day was counterbalanced among
sessions. The recording sessions lasted ;3–4 hr and consisted of a total
of 20–30 lever presses for both cocaine and heroin reinforcement.

Neuroelectric signals were passed from the headset assemblies to
programmable amplifiers, filters (0.5 and 5 kHz, 3 dB cutoffs), and a
multichannel spike sorting device. As many as 31 mPFC and NAc
neurons per rat were monitored concurrently. When spike activity was
recorded from the same microwire across different self-administration
sessions, the determination that the same neuron was recorded was made
in view of (1) constancy of the shape and polarity of the extracellular
spike waveform and (2) similarities in firing rate and pattern (e.g.,
interspike interval and autocorrelation histograms). Spike activity, lever
pressing, and pump activation were monitored or controlled with data
acquisition software operating on a computer with a time resolution of 1
msec. Neuronal spike activity was collected from the same rat on a daily
basis for 2 weeks. Spike train activity was analyzed with a commercially
available PC-based program (STRANGER; Biographics Inc., Winston-
Salem, NC).

Video analysis of behavior. The animal’s behavior during self-
administration was recorded on videotape with the experimental time
superimposed on the display for off-line analysis. Frame-by-frame anal-
ysis of behavior, at 30 frames/sec, provided 33 msec temporal resolution.
In practice, interframe times could be extrapolated into thirds, permit-
ting ;11 msec resolution. Evaluation of behavioral time epochs with
respect to concurrent spike activity was performed off-line with special
purpose computer software package included in STRANGER.

Drugs. Cocaine hydrochloride (3.33 mg/ml; Sigma, St. Louis, MO) and
heroin (100 mg/ml; National Institute on Drug Abuse, Rockville, MD) was
dissolved in Ringer’s solution with heparin (10 U/ml) and sterilized by
passing the solution through a 0.22 mm Star filter (Corning Costar Inc.).

Histology. At the conclusion of the final experimental session, 10–20
sec of 10–20 mA of positive current was passed through selected micro-
wires to deposit iron ions. The marking current was passed through no
more than two microwires in a bundle of eight microwires, because it was
not possible to distinguish more than two sites using different current
parameters. It was often the case that more than two microwires in a
bundle of eight yielded isolated single units; therefore, not every record-
ing site was identified, although the relative position could be ascer-
tained. Microwires, from which anticipatory responses (see Results) were
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recorded, were preferentially selected for marking. The animals were
then killed and perfused with a 4% paraformaldehyde solution. Coronal
sections were cut through the NAc and the mPFC and mounted on slides.
Incubation of the mounted sections in a solution of 5% potassium
ferricyanide and 10% HCl revealed iron deposits (recording sites) in the
form of blue dots. If marked recording sites were localized to the NAc or
the mPFC, it was assumed that unmarked microwires had also been

positioned in the regions of interest, because the dispersion diameter of
the implanted microwire bundles was no more than 0.5 mm (as verified
in situ with x rays). Boundaries of the mPFC and NAc were assessed with
reference to the rat brain atlas of Paxinos and Watson (1986).

Statistics. Two arbitrary criteria were used concurrently to indicate a
change in firing rate of neurons before and after a lever press during a
session. First, the mean rate changes (excitatory or inhibitory) by 20%

Figure 1. Different categories of neuronal responses in mPFC and NAc during cocaine and heroin self-administration. A, Raster and perievent
histogram plots show excitatory anticipatory and post-cocaine inhibitory responses by a mPFC neuron. Each dot in the raster plot (top) represents a
neuronal spike, and each row represents an individual trial. The perievent histogram (bottom) depicts the average neuronal activity of the individual trials
within the raster around the lever press event (50 sec before and 100 sec after lever press in this case). The zero point corresponds to the behavioral event
of the lever press for cocaine self-administration. An increase in spike activity was found a few seconds before the lever press (excitatory anticipatory
response), and a decrease in neuronal activity was observed after cocaine self-infusion (post-cocaine inhibitory response). B, Example of an excitatory
anticipatory response during a heroin self-administration session by a NAc neuron. C, Inhibitory anticipatory neuronal response recorded from the mPFC
during cocaine self-administration. Note a decrease in firing rate before the lever press. D, Excitatory post-heroin response recorded from a mPFC
neuron during a heroin self-administration session. An increase in spike activity after heroin infusion is evident.

Table 1. Classification of neuronal responses during cocaine and heroin self-administration

AE AI PI PE NR

n % of total n % of total n % of total n % of total n % of total

Cocaine
mPFC 11 10 9 8.2 20 18.2 4 3.6 80 72.7
NAc 27 24.3 6 5.4 30 27.0 8 7.2 61 54.9

Heroin
mPFC 20 18.2 9 8.2 14 12.7 3 2.7 69 62.7
NAc 18 16.2 6 5.4 20 18.0 6 5.4 68 61.3

Number and distribution of different types of neuronal responses in mPFC and NAc during separate cocaine and heroin self-administration sessions. Different categories of
neuronal responses are displayed at the top of table (AE, anticipatory excitatory response; AI, anticipatory inhibitory response; PI, post-drug inhibitory response; PE, post-drug
excitatory response; NR, no response). Number of neuron (n) and percentage of total are indicated in each category. A total of 110 mPFC and 111 NAc neurons were tested
across cocaine and heroin sessions. A single neuron sometimes exhibited more than one type of response so it could be counted in multiple categories.
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during the time epochs measured. Baseline activity was measured 40–50
sec before the lever press as a control period. Anticipatory activity and
postdrug activity were calculated 1–3 secs before and 40–50 sec after lever
press, respectively. Second, t values were computed based on variation in
counts per bin during the time epochs and p , 0.01 were required to
indicate a difference. These measures accounted for slow- and fast-firing
neurons to show both substantial (100%) and significant changes. Nonpara-

metric x 2 goodness of fit and 2 3 2 contingency table tests were used to
determine whether the distribution of numbers of neurons across response
categories was the same for cocaine versus heroin. Regres-
sion analysis was performed with a commercial software program
(STATISTICA; StatSoft, Tulsa, OK). A power analysis (b 5 0.05) was used
to verify the significance of the correlation coefficients from the regression
analyses. Data are presented as mean 6 SEM.

Figure 2. Comparison of NAc neuronal
activity during a single heroin and co-
caine self-administration session. A,
This rate meter record shows the spike
activity of a NAc neuron during
a heroin-first, cocaine-second self-
administration session. l, Lever press
events. The initial eight lever presses
were for heroin self-administration and
were followed by 11 presses for cocaine
self-administration. Cocaine self-
administration resulted in an increase in
neuronal activity. B, Raster and
perievent histogram for the heroin self-
administration trials. Note the increase
in firing rate before the lever press (ex-
citatory anticipatory response). C, Same
neuron as in B during the cocaine self-
administration period. In contrast to B,
no significant alteration of neuronal ac-
tivity was observed before the lever
press for cocaine self-administration.

Figure 3. Comparison of mPFC neuro-
nal activity during a cocaine-first, heroin-
second self-administration session using
the same plot as in Figure 2. A, This rate
meter plot demonstrates the firing rate of
a mPFC neuron during the entire co-
caine–heroin self-administration session.
In this case, heroin self-administration
caused general inhibition. B, Raster and
perievent histogram for cocaine self-
administration trials. A decrease in firing
rate occurred ;2 sec before the lever
press (inhibitory anticipatory response).
C, Raster and perievent histogram
for heroin self-administration trials. The
inhibitory anticipatory response observed
during cocaine self-administration trials
(B) was absent during heroin self-
administration.
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RESULTS
General neuronal responses in mPFC and NAc during
cocaine and heroin self-administration
Neurons from mPFC and NAc were recorded from 10 rats during
cocaine and heroin self-administration sessions. Because the same
neuron was recorded in different sessions, each neuron recorded in
one session was defined as a neuron session. According to this
definition, a total of 422 neuron sessions, each lasting 3–4 hr, were
included in this study, with at least 211 different neurons within the
sessions (110 mPFC and 111 NAc). The mean firing rate was
3.99 6 0.52 Hz for the mPFC and 4.73 6 0.65 Hz for the NAc.

The neuronal responses in relation to the lever press behavior
during cocaine and heroin self-administration can be classified
into two gross categories, i.e., the responses before the lever press
(anticipatory responses) and the responses after the lever press
(post-drug infusion responses). Both categories could be further
divided into excitatory and inhibitory responses. Some neurons
exhibited both anticipatory and post-drug infusion responses.
This was more frequently observed in the case of the coexistence
of excitatory anticipatory and inhibitory post-cocaine responses.
Figure 1 demonstrates the typical neuronal responses for these
different categories, which include excitatory anticipatory re-
sponses (Fig. 1A,B), inhibitory anticipatory responses (Fig. 1C),
inhibitory postdrug responses (Fig. 1A), and excitatory postdrug
responses (Fig. 1D).

Table 1 summarizes neuronal responses recorded from the
mPFC and the NAc during cocaine and heroin dual-drug
self-administration sessions. The data in this table are re-
ported from sessions in which each drug was the first reinforcer
tested to present the responses of neurons associated with the
individual reinforcer under conditions in which an interaction
with the earlier self-administered drug is avoided (see Mate-
rials and Methods). More than half of the neurons recorded in
both the mPFC and the NAc had no response during cocaine or
heroin self-administration either before or after the lever
press. In comparison with the mPFC, the majority of anticipa-
tory responses in the NAc were excitatory. Another noticeable
difference is that more neurons exhibited post-drug infusion
responses in the NAc than in the mPFC during both cocaine
and heroin self-administration.

Comparison between the neuronal responses in mPFC
and NAc during cocaine and heroin self-administration
Responses of the same neuron during cocaine and heroin self-
administration were compared under three different conditions.
We compared the neuronal responses within dual-drug self-
administration sessions that either started with cocaine, followed
by heroin, or started with heroin, followed by cocaine. The first
reinforcers for each of these two sessions, 24 hr apart, were also
compared. In all three comparison conditions, different responses
were frequently observed in the same neuron during cocaine and
heroin self-administration; in some cases, the opposite responses
were found (excitatory vs inhibitory).

Figure 2 shows an NAc neuron during a heroin–cocaine self-
administration session. An increase in firing rate was detected a
few seconds before the lever press, resulting in heroin infusion;
when the reinforcer was changed to cocaine, no significant alter-
ation of spike activity was observed before the lever press, al-
though an altered spike activity developed after cocaine infusion.
Figure 3 illustrates another example for a different response in a
mPFC neuron, recorded during a cocaine–heroin session. In this
case, an inhibitory anticipatory response appeared during the

cocaine self-administration trials (Fig. 3B, arrow) but did not exist
during the trials in which heroin was self-administered (Fig. 3C).

To examine the reliability of these reinforcer-specific re-
sponses, data obtained during single-drug self-administration ses-
sions, in which heroin and cocaine alternated as the reinforcer of
that day, were examined. Different neuronal anticipatory re-
sponses were observed also in these cases when cocaine and
heroin self-administration was performed in different sessions.
Figure 4 depicts the spike activity of the same NAc neuron during
four consecutive, alternating cocaine and heroin self-
administration sessions. Inhibitory anticipatory responses were
observed during cocaine self-administration sessions for days 1
and 3 (Fig. 4A,C), whereas during the heroin self-administration
sessions for days 2 and 4, no such responses could be detected
(Fig. 4B,D). This result showed that the same neuron could be
recorded reliably across different sessions.

Cocaine and heroin also induced different neuronal responses
after the lever press for drug self-injection (post-drug infusion
response). Figure 5 shows activities of simultaneously recorded
mPFC and NAc neurons during a cocaine–heroin self-
administration session. Whereas an increase in firing rate was

Figure 4. Different anticipatory neuronal responses across alternating
daily cocaine and heroin sessions recorded from the same NAc neuron. A,
NAc neuron exhibited inhibitory anticipatory responses before the lever
press for cocaine self-administration in session 1. B, Same neuron de-
picted in A showed no response during the heroin self-administration
session of the following day. C, An identical inhibitory anticipatory
response was observed by the same neuron on the third day when cocaine
self-administration was repeated. D, No alteration of neuronal activity of
this same neuron was found when the subject was switched back to heroin
self-administration for the session of the fourth day.
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observed after heroin self-administration in the mPFC neuron
(Fig. 5A), no significant change was found during cocaine self-
administration (Fig. 5B). In the NAc, a decrease in neuronal
activity was observed after cocaine self-administration (Fig. 5D),
whereas heroin self-administration did not induce any changes in
the same neuron (Fig. 5C).

To compare the neuronal responses between cocaine and her-
oin self-administration, we divided the neuronal response into
anticipatory excitatory (AE), anticipatory inhibitory (AI), post-
drug excitatory (PE), postdrug inhibitory (PI), and no response
(NR) categories. Some neurons with both anticipatory and post-
drug responses were classified into both categories, therefore the
sum total percentage of neurons with different responses exceeds
100%. Each neuron that exhibited one response was defined as a
neuron response case; one neuron, when having both anticipatory
and postdrug responses, can be classified into more than one
neuron response case. Data for three different conditions are
summarized in Tables 2-4. Table 2A summarizes data from the
mPFC in cocaine-first, heroin-second sessions. The most evident
finding was that the responding neurons were clearly not the same
between cocaine and heroin. For example, in Table 2A, 47% of
neurons did not change during any behavioral epoch during
cocaine or heroin session. For the anticipatory excitatory re-
sponse group, 15 of 110 (13.5%) were present during cocaine, and
11 of 110 (10%) were present during heroin self-administration.
Only six (5.5%) neurons responded similarly with both cocaine
and heroin. This is clearly above the number of co-responding
neurons expected by chance (1.3%), but the two groups showed
considerable difference, 14 of 20 of the anticipatory excitatory
neurons were different in responding to cocaine and heroin. Also
in other categories, most of the neurons with responses to cocaine
or heroin self-administration responded differently to these two
drugs. Overall, only 18.7% of these neuron response cases exhib-
ited similar responses for both cocaine and heroin self-
administration across all four response categories (Table 2A, dark
shaded blocks in a diagonal line), whereas 81.3% of the neuron

response cases responded differently during cocaine and heroin
self-administration (light shaded blocks). As summarized by Ta-
ble 2B, the response profile for the NAc was very similar to that
observed in mPFC, with most neurons responding differently to
cocaine and heroin self-administration.

Table 3 summarizes the data from heroin-first, cocaine-second
sessions, in which the majority of neuronal responses recorded
from both the mPFC and the NAc also differed during cocaine
and heroin self-administration intervals.

Caution must be exercised when comparing neuronal activity
within the dual-drug self-administration session because of a
potential pharmacological interaction between the two self-
administered drugs. Therefore, data from the first part of differ-
ent sessions 24 hr apart were compared to eliminate the within-
session interactions between cocaine and heroin. Table 4 shows
the results of this comparison of neuronal responses during
cocaine and heroin self-administration in different sessions. The
results are similar to those obtained from the comparison of
cocaine and heroin within the same session. In the mPFC, only
19.5% of neuron response cases exhibited similar responses for
cocaine and heroin and 80.5% of neurons exhibited different
responses. In the NAc, there were 19.2 and 79.6% for the same
and different neuron response cases, respectively.

The independence of the neuronal responses observed during
cocaine and heroin self-administration was revealed by a regres-
sion analysis performed with respect to two different conditions
(cocaine first, heroin second and heroin first, cocaine second).
Neurons with anticipatory and post-drug infusion responses in
either the cocaine or heroin self-administration condition were
selected and classified according to the type of response. Figure
6A depicts the correlation between the cocaine and heroin self-
administration conditions for anticipatory responses in the
mPFC. The correlation coefficients for the responses to cocaine
and heroin were 0.37 and 0.46 for cocaine-first and heroin-first
sessions, respectively; both reached a significant level ( p , 0.05).
These weak correlations are what one expects when a few co-

Figure 5. Comparison of post-drug in-
fusion responses in simultaneously re-
corded mPFC and NAc neurons. A, Ras-
ter and perievent histogram plots for a
mPFC neuron during the heroin self-
administration trials of a heroin–co-
caine self-administration session. An in-
crease in firing rate was observed after
heroin self-administration that occurred
at 0 sec. B, Same neuron depicted in A
during the cocaine self-administration
period of the same session. No signifi-
cant change in firing rate was found dur-
ing cocaine self-administration. C, This
NAc neuron did not change its firing rate
after the lever press during the heroin
self-administration trials. D, Same
NAc neuron as in C displayed an inhib-
itory response after cocaine self-
administration during the same session.
This neuron also exhibited an excitatory
anticipatory response immediately be-
fore the lever press at 0 sec.
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responding neurons are found within a predominantly indepen-
dent population. Figure 6B shows the regression analysis for
anticipatory responses in the NAc for both drugs, with correlation
coefficients of 0.27 and 0.14 for cocaine-first and heroin-first
session, respectively; both failed to reach significance ( p . 0.05).
Correlations between cocaine and heroin post-drug infusion re-
sponses in the mPFC are plotted in Figure 6C. In this case, the
slopes for the cocaine-first and heroin-first sessions were almost
flat and parallel (r 5 0.06 and 0.03 for cocaine-first and heroin-
first sessions, respectively; p . 0.05). Figure 6D plots data for the
NAc, again revealing no significant correlations between cocaine
and heroin responses (r 5 0.05 and 0.12 for cocaine-first and
heroin-first sessions, respectively; p . 0.05). Power analysis for

type II error (b 5 0.05) in which there would be a 5% chance of
falsely identifying nonsignificant correlations revealed that the
correlation coefficient would be at least .0.47.

Behavioral correlations of mPFC and NAc anticipatory
neuronal responses during cocaine and
heroin self-administration
A critical issue concerning the different anticipatory responses
exhibited by the same neurons during cocaine and heroin self-
administration is whether movement could have contributed to
the different neuronal responses. It might be argued that the way
in which a rat reaches for and then presses the lever differs when
the subject is responding for cocaine or heroin. If this were the

Distribution of neuronal responses during cocaine and heroin self-administration trials during cocaine-first, heroin-second sessions from 110 mPFC and
111 NAc neurons. A, Data from mPFC; the horizontal direction displays different types of responses for cocaine self-administration. Vertical direction
shows the responses for heroin self-administration. Fifty-two (47.3% of 110) neurons exhibited no response to either the cocaine or heroin sessions. A
single neuron may have more than one attribute by exhibiting more than one response in different categories. The 58 (of 110) neurons that did respond
exhibited 75 neuron response cases across the different categories. Of these there were only 14 instances (18.7% of 75) when similar responses to both
cocaine and heroin were observed. The dark shaded blocks in the diagonal show the neurons that share the same response during both cocaine and heroin
self-administration segments. Light shaded blocks represent the neuron-response cases having different responses during cocaine and heroin self-
administration. Sixty-one neuron response cases (81.3% of 75) responded differently during cocaine and heroin self-administration phases. B,
Comparison of neuronal responses of the NAc during cocaine and heroin self-administration as in A. Only 25% of neurons exhibited the same response
to both cocaine and heroin whereas 75% of neurons responded differently to cocaine and heroin self-administration.
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case, differences in neuronal activity generated before the lever
press for cocaine or heroin reinforcement could be attributed to
differences in locomotor behavior, rather than differences in
motivational processes associated with cocaine and heroin
reinforcement.

Off-line video analysis was conducted to determine whether
locomotor activity before the lever press is a factor responsible for
the different anticipatory neuronal activities before lever press.
Although cocaine and heroin elicited different stereotypic behav-
iors after self-administration (cocaine self-administration most of-
ten caused head shaking and increased general locomotor activity,
whereas heroin self-administration induced typical floor-licking

behavior), of 10 rats analyzed for cocaine and heroin self-
administration, only one showed a detectable difference in loco-
motor behavior, leading to the lever press for cocaine or heroin
reinforcement. In this case, during heroin self-administration tri-
als, the rat stayed away from the lever during heroin-stereotypical
behavior and reached and pressed the lever for drug self-
administration. In contrast, during cocaine self-administration tri-
als, the rat stayed close beside the lever during the cocaine-
stereotypical behavior and simply reared toward and pressed the
lever for drug self-administration. Although each subject displayed
a unique and characteristic behavioral sequence preceding and
including the lever press, each of the remaining nine rats analyzed

Comparison of neuronal activity during cocaine and heroin self-administration in the heroin-first, cocaine-second sessions.
The format of the table is the same as Table 2. A, Comparison of mPFC neuronal activity during heroin and cocaine
self-administration trials. Similar to what was observed in cocaine-first, heroin-second sessions in Table 2, most neuron-
response cases responded to heroin and cocaine self-administration differently (84.1%), whereas only 15.9% of neuron-
response cases shared the same response during heroin and cocaine self-administration trials. B, Comparison of the data
obtained from NAc. Again, only 22.4% of neurons responded in the same way to both heroin and cocaine self-administration;
the majority of neuron-response cases (77.6%) responded differently during heroin and cocaine self-administration trials.
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had no noticeable within-subject differences in locomotor behav-
iors leading to lever presses for cocaine or heroin.

Figure 7 illustrates the anticipatory neuronal activity in an NAc
neuron in association with specific behavior episodes during
cocaine and heroin self-administration. The same behavioral
nodes of raising head and lever press are completed by the rat in
a predictable sequence to accomplish cocaine and heroin self-
administration. However, opposite neuronal responses were ex-
hibited by this neuron during cocaine and heroin self-
administration. Note that during cocaine self-administration
trials, increased spike activity occurred during the raising head
behavioral epoch, whereas during heroin self-administration tri-
als, a decrease in spike activity was associated with the raising
head behavior. Figure 8 illustrates an example for an mPFC
neuron during cocaine and heroin self-administration within the
same session. The sequence leading to the lever press in this case

is raising head 3 lever press 3 back to floor. During cocaine
self-administration trials, a decrease in neuronal activity started
with the raising head behavior and ended at the point when the
paw of the rat returned back to the floor after completion of the
lever press (Fig. 8A). No significant activity changes associated
with the same behavior in the same neuron could be detected
during heroin self-administration trials (Fig. 8B).

Overall, the behavioral analysis indicates that different antici-
patory responses observed before the lever presses for cocaine
and heroin reinforcement are not primarily associated with dif-
ferent patterns of movement or locomotion.

Comparing overall neuronal firing rate during the
period of cocaine and heroin self-administration

Self-administration of cocaine and heroin also produced long-
lasting alterations of overall spike activity during the entire

Comparison of mPFC and NAc neuronal responses to cocaine and heroin self-administration in separate sessions in which cocaine and heroin were self-administered first
(same format as in Table 2). A, Data obtained from the mPFC; similar to the results obtained from cocaine and heroin self-administration in the same session (Tables 2, 3)
the majority of neuron-response cases with a significant response responded to cocaine and heroin self-administration differently (80.5%); only 19.5% of neuron-response cases
shared the same response to cocaine and heroin. B, Data obtained from NAc; only 20.4% of neuron-response cases responded in the same way to cocaine and heroin whereas
79.6% of neuron response cases responded differently to cocaine and heroin self-administration.
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self-administration period. The mean firing rates of recorded
neurons were compared during cocaine and heroin self-
administration periods and also to the 200 sec control period at
the beginning of the session (see Materials and Methods).
Figure 9 shows the result of this type of analysis for one
heroin–cocaine session by depicting the firing rate of 19 neu-
rons simultaneously recorded in mPFC and NAc from an
individual subject. A long-lasting change in overall firing rate
is apparent after the switch from heroin to cocaine. The
asterisks denote the points where statistically significant firing
rate changes occurred. A pattern of mean activity changes is
also observed during a session of passive drug administration,
as demonstrated in Figure 10. Figure 10 A shows the overall
neuronal activity changes during a heroin–cocaine self-
administration session. Asterisks on the right of individual
strip charts indicate the neurons with significant alterations in
firing rates when switched from heroin to cocaine self-
administration. Figure 10 B depicts the same neurons recorded
in the following session during which same dose of heroin (30
mg /kg per infusion) and cocaine (1 mg/kg per infusion) were
administered by computer on a random interval schedule

based on the average interinfusion interval during the previous
self-administration session. Similar neuronal activity changes
were observed as during the self-administration session when
the two drugs were switched.

Table 5 compares the overall neuronal activity (firing rates) of
mPFC and NAc neurons in different conditions, with the results
expressed as percent change from the initial 200 sec baseline
recordings taken just before the first trial of the self-administration
session. In general, more neurons showed overall decreases in
firing rates during cocaine self-administration phase than in the
heroin self-administration phase. In both the mPFC and the NAc,
2 3 2 contingency table test revealed a significant difference be-
tween the number of neurons responding by increasing or decreas-
ing their mean activity in response to cocaine and heroin in
heroin-first, cocaine-second sessions ( p , 0.05). When comparing
the overall neuronal activity during cocaine self-administration
with heroin self-administration (rather than with the baseline con-
trol period) more neurons were found to decrease than increase
their firing rate in the cocaine phase. The x2 goodness of fit test
revealed a significant difference between the number of excitatory
response neurons and inhibitory response neurons in heroin-first,

Figure 6. Multiple regression analysis of the neuronal responses to cocaine and heroin self-administration from cocaine–heroin and heroin–cocaine
sessions. A, Anticipatory responses recorded from the mPFC during the self-administration of cocaine and heroin in the same session. The responses
were measured as a percentage change of neuronal activity. Two sessions were plotted in this figure: the cocaine-first, heroin-second session (n 5 39,
E) and the heroin-first, cocaine-second session (n 5 53, F). The correlation coefficient values ( r) for cocaine-first and heroin-first sessions were 0.37 and
0.46, respectively. Both correlations were significant ( p , 0.05). B, Same plot as in A for the NAc. The correlations between cocaine and heroin responses
are not significant ( p . 0.05) for either cocaine-first (r 5 0.27; n 5 43) or heroin-first sessions (r 5 0.14; n 5 40). C, Regression analysis for post-drug
infusion responses recorded from the mPFC. The regression lines were nearly flat and parallel for cocaine and heroin self-administration in both
cocaine-first (r 5 0.06; n 5 38) and heroin-first (r 5 0.03; n 5 29) conditions, and there were no significant correlations between cocaine and heroin
responses. D, Same plot as in C for NAc. No significant correlations were observed between cocaine (r 5 0.05; n 5 48) and heroin (r 5 0.12; n 5 43)
post-drug infusion responses.
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cocaine-second sessions ( p , 0.05 in mPFC; p , 0.01 in NAc;
Table 5). Figure 11 is a scatter plot that illustrates the distribution
of firing rate changes of individual neurons for the heroin-first,
cocaine-second sessions in the mPFC and the NAc using the same
data as in Table 5.

Histological localization of recording sites
Recording sites were localized by a potassium ferrincyanide stain-
ing method to reveal the iron deposited at the tips of selected
microwires. Figure 12 depicts the location of microwires in mPFC
(Fig. 12A) and NAc (Fig. 12B). Because it is difficult to distin-
guish more than two locations with respect to distinct iron deposit
sizes, priority was given to wires from which neurons with antic-
ipatory responses were recorded. The remaining six wires from
the same bundle are located in close proximity to the marked
wires.

DISCUSSION
The present experiment was designed to compare the neuronal
responses during cocaine and heroin self-administration under
three different conditions: (1) sessions started with cocaine and
followed by heroin, (2) sessions started with heroin and followed
by cocaine, and (3) a comparison of the first drugs tested from the
sessions in 1 and 2 that were 24 hr apart. The experiment was
designed in this manner so that data obtained from the same
session control for nonstationarity in neural activity; that is,
results formed in conditions 1 and 2 are independent of drug
effects across different sessions. Furthermore, condition 3, which
compares the data from different sessions in which cocaine or
heroin was self-administered first, respectively, controls for po-
tential pharmacological interactions between cocaine and heroin
within the same session. The results indicated that most neurons
responded differently in all three conditions during operant tasks
to self-administer cocaine versus heroin, indicating that neither

day-to-day neuronal variability nor within-session drug interac-
tions can readily account for the distinctly different neuronal
activity patterns observed during self-administration of the two
drugs.

In our previous studies, we postulated that two separate neu-
ronal mechanisms within the NAc and the mPFC underlie drug
self-administration (Chang et al., 1990, 1994; Chang and
Woodward, 1996). First, the anticipatory responses that are evi-
dent before the lever press for drug reinforcement are postulated
to represent the neuronal basis of a motivational process, leading
to movements to complete the task. This type of neuronal re-
sponse was demonstrated to be dopamine-independent in the
studies of cocaine self-administration (Chang et al., 1994). Sec-
ond, the time of occurrence of the post-drug infusion responses
suggests that they might reflect the direct reinforcing effects of the
infused drug. These post-drug infusion responses, in the case of
cocaine self-administration, are partially mediated by dopamine
transmission (Chang et al., 1994), because they could be blocked
by dopamine antagonists in some cases. In the present study,
predominately different neuronal responses were recorded from
the same neurons during cocaine and heroin self-administration,
both before and after the lever press (both anticipatory and
post-drug infusion responses) within both the mPFC and the
NAc. Thus the neuronal responses provided little evidence for a
common action of released endogenous dopamine. This conclu-
sion was true for all three comparison conditions described above;
in all three conditions, most of the neurons that did respond to
cocaine and heroin self-administration did so differently. These
results suggest that cocaine and heroin not only act on different
receptors to exert reinforcing effects as determined by their
different pharmacological properties but also may activate differ-
ent neuronal circuits leading to drug self-administration.

The now routine but novel experimental observation of mean

Figure 7. Behavioral correlations of an
anticipatory neuronal response recorded
from a NAc neuron. Behavioral nodes
(raising head, lever press) were created by
video analysis and used as reference
points for the creation of the raster and
perievent histogram plots. A, C, Plot of
data during cocaine self-administration
period. Note the increase in firing rate at
the onset of the raising head behavioral
episode as indicated by the arrow in A.
The increased firing rate continued until
the lever press. B, D, Same neuron during
heroin self-administration within the
same session. In contrast to cocaine self-
administration, the identical raising head
behavior during heroin self-
administration was associated with a de-
crease in firing rate as indicated by the
arrow in B. The decreased neuronal ac-
tivity persisted until the lever press epi-
sode as depicted in D.
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firing rates of neurons in ensembles during long behavior sessions
will yield new insights into the information within neuron popu-
lations across states. Background firing rates appear to specify
unique patterns corresponding to each new behavioral context.
This introduces an apparent confound in that the presence of a
phasic response to a lever press during cocaine or heroin self-
administration either may be attributed to the different context in
which a similar behavior occurs or may be a simple consequence
of a background rate change. However, clear instances are readily
found in which changes are different during cocaine versus heroin
sessions when background rates are similar (Figs. 2–4). The
assertion clearly can be made that a subset of neurons responds
differently in the context of cocaine versus heroin self-
administration. We have elected to use within-session firing rate
criteria to control for background rate by searching for the pres-
ence of effects (a 20% absolute rate change and a significant p ,
0.01) that are independent of rate. Our hypothesis is that the
patterns of background activity in the mPFC and the NAc rep-
resent the expression of response contingencies specific to a
context. This concept will require extended future study.

Anticipatory responses
Previous work suggested that anticipatory responses observed
before lever presses for cocaine reinforcement are unlikely to
be associated with locomotion per se, because a detailed video
analysis revealed that locomotion not associated with the lever
press for cocaine failed to alter spike activity (Chang et al.,
1994). In this study, an important issue concerning the differ-
ent anticipatory responses during cocaine and heroin self-
administration is whether the anticipatory responses that are
linked in time to a specific locomotor action existed only in one
drug self-administration condition. If major differences in lo-
comotor activity did occur just before the lever press for
cocaine or heroin, it is possible that the different anticipatory
neuronal responses simply represent activity time-locked to
different locomotor behaviors and not to different motivational
processes. Therefore, the video analysis of lever press behav-
iors for cocaine and heroin self-administration is crucial to
resolving this issue. We found that in 9 of 10 rats, the behav-
ioral context leading to the lever press was similar for both

Figure 8. Behavioral correlations of the anticipatory neuronal activity recorded from a mPFC neuron. A, From top to bottom, the panels demonstrate
the behavioral sequence of raising head, lever press, and back to floor during cocaine self-administration trials. Note the onset of a decrease in spike activity
at the raising head behavior episode (top panel ). The decreased activity continued through the lever press episode (middle panel ) and until the subject
returned its paws back to the floor (bottom panel ). B, The same neuron during heroin self-administration trials during the same session. No significant
change in firing rate was detected during raising head, lever press, and return back to floor behavioral episodes.
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cocaine and heroin self-administration. Thus, different neuro-
nal responses were present before the lever press during co-
caine and heroin self-administration, even when associated
with a specific, identical behavioral episode (Figs. 7, 8). This
finding supports the idea that distinct anticipatory responses
observed in the majority of neurons during cocaine and heroin
self-administration reflect unique and specific neuronal circuits
selectively involved in cocaine- or heroin-seeking behaviors.

Although a minority (less than one-third in any given condi-
tion), there are cases in which similar anticipatory responses are
found for both cocaine and heroin self-administration in the same
neurons within the mPFC and the NAc. Our interpretation is that
the neurons exhibiting similar anticipatory response may repre-
sent an embedded mesocorticolimbic neuronal circuit that en-
codes a signal common to the task to obtain reinforcement. Most
anticipatory neurons, on the other hand, may be specialized
through learning to encode unique information only associated
with either cocaine or heroin self-administration.

Postdrug responses
Post-drug infusion responses are likely to be associated with the
reinforcing mechanism of drug self-administration. These re-
sponses span much of the intertrial interval and are found to be
partially blocked by dopamine receptor antagonists in the case of
cocaine self-administration (Chang et al., 1994). If cocaine and
heroin exerted a common reinforcing effect, we would expect to
see similar neuronal responses in the same mPFC and NAc
neurons after cocaine and heroin self-administration. However,
as observed for anticipatory responses, a majority of neurons in
mPFC and NAc responded differently during the post-drug infu-
sion period for the two drugs.

Mean firing rates
Similar differences were observed when the overall neuronal
activity across the entire cocaine and heroin self-administration
segments of the sessions was compared. More neurons were
found to be inhibited (i.e., an overall decrease in firing rate) by

Figure 9. Baseline neuronal activity changes during a heroin–cocaine self-administration session. This rate meter record shows 19 neurons simulta-
neously recorded from the mPFC and from the NAc (mPFC neurons are indicated by 1–16 in the parentheses along the right y-axis; NAc neurons are
indicated by 17–32). Neurons with changes in baseline neuronal activity are marked by an asterisk. Note that many of the changes after the switch to the
cocaine reinforcer (vertical line) are inhibitory.
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Figure 10. Comparison of baseline neuronal activities between self and passive administering heroin–cocaine. A, Twenty neurons recorded
simultaneously in the mPFC and the NAc during heroin–cocaine self-administration session (see Fig. 9 for neuron identification). Alteration of neuronal
activity induced by switching from heroin to cocaine, indicated by a vertical line, was observed in several neurons (*). B, The next day, a
computer-controlled, passive administration of heroin–cocaine was performed in the same animal with the same dose of cocaine (1 mg/kg per infusion)
and heroin (30 mg/kg per infusion) used in self-administration sessions. The interinfusion interval was randomly selected by computer using the range
of mean 6 SE calculated from self-administration session in A. Note that the same pattern of neuronal activity changes occurred in comparison to the
neurons marked in A. l, Bar press in A and passive drug infusion in B.
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cocaine than by heroin self-administration. These changes in
neuronal activity may be attributable to the unique pharmacolog-
ical effects of the drugs and/or the conditioned responses associ-
ated with operant behavior during self-administration. Impor-
tantly, the passive administration of intravenous cocaine and
heroin to well trained subjects elicits very similar overall changes
in mean spike activity, as observed during the dual-drug self-
administration sessions. This suggests that a substantial part of
neuronal activity changes during cocaine and heroin self-
administration may be attributed to the pharmacological effects of
the respective drugs on receptor targets, which then propagate
widely to influence steady-state activity throughout the mesocor-
ticolimbic system.

Cocaine and heroin reinforcement and the
mesocorticolimbic system
Cell body lesions of the NAc after kainic acid injection attenuate
both cocaine and heroin self-administration (Zito et al., 1985).
Furthermore, microinjection of dopamine and opiate receptor
antagonists into the NAc interrupts cocaine and heroin self-
administration, respectively (Vaccarino et al., 1985; Corrigall and
Vaccarino 1988; Caine et al., 1995). Thus the notion of a common
neural circuit for obtaining reinforcement at the level of the NAc
is well supported.

The specific role of VTA dopaminergic projections to the NAc
in opiate self-administration has been debated. It has been re-
ported that destruction of dopamine terminals in the NAc and
systemic application of dopamine antagonist more strongly dis-
rupted cocaine than heroin self-administration in the rat
(Ettenberg et al., 1982; Pettit et al., 1984). However, extracellular
dopamine levels are reported to fluctuate in relation to both
cocaine-reinforced (Petit and Justice, 1989, 1991) and heroin-
reinforced (Wise et al., 1995a) (but see Hemby et al., 1995)

operant responding. Moreover, a number of neurochemical stud-
ies indicate that opiates stimulate dopamine release in mPFC and
NAc, a net effect similar to that produced by cocaine but by
different mechanisms (Di Chiara and Imperato, 1988; Spanagel et
al., 1990, 1992; Leone et al., 1991; Yokoo et al., 1994; Wise et al.,
1995b). Heroin has been proposed to increase dopamine release
via opioid receptor-mediated suppression of GABA release from
GABA interneurons that tonically suppress dopamine neuron
firing (Johnson and North, 1992), whereas cocaine blocks re-
uptake from DA terminals. On the other hand, the effect of
cocaine and heroin on the firing rate of VTA dopamine neurons
appears to be opposite in in vitro and anesthetized preparations
(Gysling and Wang, 1983; Matthews and German, 1984; Einhorn
et al., 1988; Brodie and Dunwiddie, 1990; Lacey et al., 1990) as
well as during self-administration and pharmacological passive
administration (preliminary observation from this laboratory).
Other studies report that naloxone alters the self-administration
of low (0.1 mg/kg per infusion) doses of cocaine (Carroll et al.,
1986; Corrigall and Coen, 1991; Ramsey and van Ree, 1991). In
this study, we used 1 mg/kg per infusion for cocaine self-
administration, which is 10 times higher than the dose influenced
by naloxone. The doses of cocaine and heroin in this study were
chosen to balance the maximum reinforcing effect with reason-
able response rates. In addition, similar doses are widely used by
other laboratories in the study of cocaine and heroin self-
administration (Corrigall and Vaccarino 1988).

Functional concepts
Based on current and previous results, we hold to the concept that
representation of memories and processing of sensory cues and
other signals may be very different within the mesocorticolimbic
system during the performance of operant tasks resulting in
cocaine and heroin self-administration. As a result, two different,

Table 5. Comparing the average neuronal activity during cocaine and heroin self-administration in the same session

Type of
responses

Cocaine vs control Heroin vs control Cocaine vs heroin (n 5 58)

% changes in
firing rate n

%
of
total

% Changes
in firing rate n

%
of
total

% Changes in
firing rate n

%
of
total

mPFC
Heroin first,
cocaine second
n 5 49

Excitatory 115.2 6 24.9 7* 14.3 167.3 6 47.0 14 28.6 92.3 6 18.8 9a 15.5

Inhibitory 262.6 6 3.5 28* 57.1 255.1 6 3.7 17 35.3 256.2 6 3.9 30 51.7

Cocaine first,
heroin second
n 5 40

Excitatory 171.0 6 63.4 7 17.5 187.5 6 38.9 13 32.5 164.5 6 101.6 10 25.0

Inhibitory 251.7 6 3.7 21 52.5 250.3 6 4.2 16 40.0 247.2 6 5.6 19 47.5

NAc
Heroin first,
cocaine second
n 5 67

Excitatory 158.5 6 24.3 15* 22.4 103.9 6 20.9 22 32.8 220.2 6 54.6 17b 25.4

Inhibitory 264.7 6 3.1 42* 62.7 249.5 6 3.3 23 34.3 264.7 6 3.1 42 62.7

Cocaine first,
heroin second
n 5 52

Excitatory 414.1 6 77.3 9 17.3 294.5 6 88.6 17 32.6 265.9 6 59.2 17 32.6

Inhibitory 262.0 6 4.3 29 55.7 266.7 6 3.6 26 50.0 258.3 6 3.8 26 50.0

Comparison of overall firing rates during cocaine and heroin self-administration within the same session. The neuronal activity during the entire period of either cocaine or
heroin self-administration was compared with each other and with the control period (200 sec at the beginning of the session). The comparisons were made in heroin-first,
cocaine-second and cocaine-first, heroin-second sessions for the mPFC (top panel) and the NAc (bottom panel). The comparison between cocaine and heroin self-
administration trials is expressed as percentage change as follows: [(cocaine firing rate-heroin firing rate)/heroin firing rate] 3 100. x2 2 3 2 contingency table tests were used
to test whether different numbers of neurons showed excitatory and inhibitory responses under conditions of cocaine and heroin self-administration. Significant differences
were observed in heroin first, cocaine second sessions in both the mPFC and NAc (*significantly different number of neurons having excitatory and inhibitory responses as
compared to heroin self-administration phase, p , 0.05). x2 goodness of fit test was used to determine whether significantly different numbers of neurons showed excitatory
and inhibitory responses when compared between drug conditions. More neurons were inhibited than excited during cocaine self-administration in comparison with heroin
self-administration phase (ap , 0.05, bp , 0.01).
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yet overlapping, neuronal networks may be used during the ac-
quisition of cocaine and heroin self-administration behaviors.
Neuronal activity in these coextensive networks may correspond
to two different reinforcement contexts. The different neuronal
responses observed in the mesocorticolimbic system during co-
caine and heroin self-administration may represent a switch from
one context of drug reinforcement to another, with the same
neuron behaving differently depending on which neuronal circuit
has become switched on. These may be similar to the different
activity patterns reported in primate prefrontal cortex specific to
the anticipation of different rewards (Watanabe, 1996).

Because both cocaine and heroin actions may evoke dopamine
release, although by different mechanisms, the question arises of
how different functional neuronal circuits of the NAc and mPFC
may emerge. Within a session the self-infusion of the second
reinforced drug may evoke interoceptive stimuli that trigger the
activation of different appropriate circuits for initiating behavior.

Midbrain dopamine systems may play a role in facilitating the
learning required to make these rapid adjustments, because
blocking DA receptor causes self-administration to cease. Other
studies (Schultz et al., 1997) suggest that dopamine release yields
reinforcement by acting as a learning or teaching signal that alters
associated responses to cues that are predictive of future reward.
In this way stable and different activity patterns may by created by
different reinforcers.

In summary, predominantly different neuronal responses were
detected when neural activity during cocaine and heroin self-
administration was compared. Differences were observed in both
anticipatory responses and postdrug responses. In light of the
evidence that a majority of neurons exhibited different responses
to cocaine and heroin self-administration, the results support the
notion that specific, separate, but anatomically overlapping, cen-
tral mechanisms are in part responsible for cocaine and heroin
self-administration.

Figure 11. Scatter plots of the overall firing rates of mPFC and NAc neurons during cocaine and heroin self-administration and the control period. All
the plots are constructed from heroin-first, cocaine-second sessions. A, Comparison of the firing rates recorded from the mPFC during cocaine and heroin
self-administration conditions with the control period of that session. The ordinate depicts the firing rate (spikes per second) during cocaine and heroin
self-administration trials, and the abscissa depicts the firing rate (spikes per second) for the control condition. Inhibitory responses elicited by cocaine
(E) and heroin (F) are under the line that represents the control responses (M), whereas excitatory responses induced by cocaine (‚) and heroin (Œ)
are above the control line. B, Same plot as A for NAc. C, Comparison of the firing rates recorded from the mPFC during cocaine and heroin
self-administration periods. Firing rates (spikes per second) during the cocaine self-administration period are represented along the ordinate, and the
firing rates during the heroin self-administration trials are represented along the abscissa. Inhibitory responses (F) are defined as a decrease in firing rate
under the cocaine self-administration condition in comparison with the heroin self-administration condition. Excitatory responses (‚) are defined as an
increase in firing rate under cocaine self-administration in comparison with the heroin self-administration condition. Note that more neurons exhibited
inhibitory responses under the cocaine self-administration condition. D, Same plot as in C for the NAc.
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