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To examine potential neural mechanisms involved in cocaine
self-administration, the activity of single neurons in the nucleus
accumbens of rats was recorded during intravenous cocaine
self-administration. Lever pressing was reinforced according to
a fixed-ratio 1 schedule. On a time base comparable to the
interinfusion interval, half the neurons exhibited phasic firing
patterns time locked to the cocaine reinforced lever press. For
almost all neurons, this pattern consisted of a change in firing
rate postpress, typically a decrease, followed by a reversal of
that change. The postpress change was closely related to the
lever press. Typically, it began within the first 0.2 min postpress
and culminated within the first 1.0 min postpress. For a small
portion of responsive neurons, the reversal of the postpress
change was punctate and occurred within 1–3 min of either the
last lever press or the next lever press so that firing was stable
during much of the interinfusion interval. For the majority of
neurons, the reversal was progressive; it began within 2 min

after the previous lever press, and it was not complete until the
last 0.1–2.0 min before the next lever press. The duration of this
progressive reversal, but not of the postpress change, was
positively correlated with the interinfusion interval. Thus, in
addition to exhibiting changes in firing related to the occurrence
of self-infusion, the majority of neurons also exhibited progres-
sive changes in firing related to the spacing of infusions. In a
structure that has been shown to be necessary for cocaine
self-administration, such a firing pattern is a likely neurophysi-
ological component of the mechanism that transduces declin-
ing drug levels into increased drug-related appetitive behavior.
It is, thus, a neural mechanism that may contribute to compul-
sive drug-maintained drug taking.
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Under conditions of limited access and a fixed-ratio schedule of
psychomotor stimulant reinforcement, animals exhibit a pattern
of repeated drug self-infusion that continues until the session is
ended by the experimenter. This pattern of repetitive drug taking
may be comparable to the compelled and uncontrollable repeti-
tion of drug taking that is exhibited by humans and that consti-
tutes a defining characteristic of psychomotor stimulant addiction
(Kramer et al., 1967; Griffiths et al., 1980; Fischman and Foltin,
1992).
Within the range of doses that are readily self-administered,

animals, like humans, successively self-administer a particular
dose of drug at regular intervals. The interval is related inversely
to metabolic rate (Dougherty and Pickens, 1974) and related
directly to drug level (Seevers and Schuster, 1967; Pickens and
Thompson, 1968; Schuster et al., 1968; Woods and Schuster, 1968;
Yokel and Pickens, 1973, 1974; Baxter et al., 1974; Yokel and
Wise, 1975; Risner and Jones, 1980; Wise, 1987; Gerber andWise,
1989). Thus, self-infusion appears to be controlled by a temporally
regular cyclic process that is, at least in part, pharmacological (for

review, see Griffiths et al., 1980; Young and Herling, 1986) (see
also Goldberg et al., 1969; Wilson et al., 1971; Yokel and Pickens,
1976). Data show that the interinfusion interval is not simply a
function of drug-induced toxic effects, such as motor disruption
(Pickens and Harris, 1968; Pickens and Thompson, 1968; Gold-
berg, 1973; Wise et al., 1977) or aversive stimulation (Iglaur and
Woods, 1974; Johanson and Schuster, 1975; Griffiths et al., 1979;
Winger and Woods, 1985). Rather, within the range of doses that
are readily self-administered, the interinfusion interval, in large
part, likely is related to the drug effect that engenders drug-taking
(see Wilson et al., 1971; Wilson and Schuster, 1972; Yokel and
Pickens, 1974; Wise, 1987). Thus, it has been suggested that the
interval between infusions reflects a period of drug “satiety”
(Wise, 1987). Moreover, the duration of that period appears to be
determined by the metabolic time course of the self-administered
drug and to equal the amount of time required for the drug to
metabolize to a threshold nonsatiating level that facilitates the
next cycle of drug taking (see Pickens and Thompson, 1968;
Wilson et al., 1971; Yokel and Pickens, 1973, 1974; Cone et al.,
1978; Pickens et al., 1978).
Behavior pharmacology studies showed that the positive rein-

forcing effect of cocaine depends on dopamine (DA) (Wilson and
Schuster, 1972, 1974; Baxter et al., 1974; Davis and Smith, 1975;
Yokel and Wise, 1975, 1976, 1978; Risner and Jones, 1976; Davis
and Smith, 1977; deWit and Wise, 1977; Gill et al., 1978; Roberts
and Vicker, 1984; Woolverton et al., 1984; Koob et al., 1987;
Roberts et al., 1989; Hubner and Moreton, 1991). Neuropharma-
cology studies corroborated and extended this finding by showing
that self-administration depends both on mesoaccumbens DA and
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on neurons of the nucleus accumbens (NAcc). Specifically, self-
administration is blocked by intra-accumbens infusion of DA
antagonists (Phillips et al., 1983; Robledo et al., 1992; McGregor
and Roberts, 1993). It also is disrupted by depletion of mesoac-
cumbens DA (Roberts et al., 1977; Lyness et al., 1979; Roberts et
al., 1980; Roberts and Koob, 1982; Pettit et al., 1984) and by
destruction of the neurons of the NAcc (Zito et al., 1985). The
disruptions in self-administration reflected a selective interference
with cocaine reinforcement (Roberts et al., 1977; Zito et al., 1985;
Dworkin and Smith, 1987, 1988).
Recent efforts to elucidate the physiological mechanism(s) that

underlies NAcc involvement in cocaine self-administration have
included electrophysiological recordings from single NAcc neu-
rons in rats self-administering cocaine (Peoples et al., 1989; West
et al., 1992). Some of these studies showed rapid phasic changes
in firing within 20–120 sec of the reinforced lever press (Chang et
al., 1990; Carelli et al., 1993; Peoples et al., 1994; Chang et al.,
1994; Carelli and Deadwyler, 1994) (for related findings, see
Henriksen et al., 1992; Aigner et al., 1993). The remainder of the
interinfusion interval was not charted systematically. As noted
above, the interval likely reflects the metabolic time course of the
drug effect that engenders drug taking. If a related time course
characterizes firing patterns of individual NAcc neurons, those
firing patterns are probable components of the mechanism that
transduces declining cocaine levels into a bias to engage in drug
taking. Therefore, in the present experiment, firing patterns of
NAcc neurons were evaluated on a time frame comparable to the
entire interinfusion interval.

MATERIALS AND METHODS
Surgery. Fourteen male (300–350 gm) Long–Evans rats (Charles River,
Wilmington, MA) were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.) (Abbot Laboratories, North Chicago, IL). Before surgery, sub-
jects received injections of atropine methyl nitrate (10 mg/kg, i.p.) (Sig-
ma, St. Louis, MO) and penicillin G (75,000 U/0.25 ml, i.m.) (Wyeth
Laboratories, Philadelphia, PA). Anesthesia was maintained with peri-
odic injections of sodium pentobarbital (5–10 mg/kg, i.p.) and ketamine
hydrochloride (60 mg/kg, i.p.) (Fort Dodge Laboratories, Fort Dodge,
IA). A catheter was implanted in the jugular vein and exited through a
j-shaped stainless steel cannula cemented to the skull. An array of
quad-Teflon coated stainless steel wires was implanted in the NAcc
(between 0.7 and 2.7 mm anterior from bregma; between 0.8 and 2.2 mm
lateral from bregma; and between 6.8 and 7.2 mm ventral from level
skull) (Paxinos and Watson, 1986). The array consisted of 12–16 micro-
wires (diameter of each uninsulated wire tip, 50 mm) (California Fine
Wire, Grover City, CA) arranged in two parallel rows, which were;2 mm
in length and separated from one another by 0.45–0.55 mm (wire center
to wire center).
Postoperative maintenance. After surgery, subjects were housed in steel-

grid chambers. The catheter was connected to a fluid swivel (Brown et al.,
1976). A motor-driven pump perfused the catheter with 0.2 ml of hepa-
rinized bacteriostatic saline once per hour. Occasionally, outside the
experimental sessions, a brief period of anesthesia was induced with a
single infusion of methohexital (10 mg/kg, i.v.) (Eli Lilly, Indianapolis,
IN) to either confirm patency or facilitate attachment of the electrical
harness. At least 7 d after surgery and 3 d before self-administration
training, subjects were transferred to a Plexiglas chamber (34 cm3 23 cm
3 29 cm; l3 w3 h), which henceforth was used for housing, training, and
electrophysiological recording. Each Plexiglas chamber was enclosed in a
sound-attenuating and ventilated isolation chamber (64 cm2) that was
located in a colony room supplied with white noise. Subjects had free
access to food and water except during the following: (1) the initial days
of training when food was limited to 15 gm each day, and (2) the daily
self-administration sessions when access to food was precluded.
Cocaine self-administration session. Before the start of each self-

administration session, a nonretractable Plexiglas response lever was
mounted on a side wall of the chamber. Onset of the session was signaled
by illumination of a stimulus light above the response lever. Each lever
press was followed immediately by a 0.2 ml i.v. infusion of cocaine

solution, a 7.5 sec tone that corresponded with the duration of the syringe
pump (Razel Scientific Instruments, Stamford, CT) operation, and a 40
sec time out, during which the stimulus light was turned off and lever
presses had no programmed consequence. Approximately 30 sec was
required for the entire 0.2 ml of cocaine solution to be infused through
the catheter tip (determined with a nonimplanted catheter attached to
the fluid swivel; rate of infusion was limited by the 20 gauge stainless steel
tubing of the swivel). The dose of cocaine was not adjusted for body
weight and, therefore, varied slightly among subjects. The average 6 SE
dose during recording sessions equaled 0.7 6 0.2 mg/kg/infusion. Dura-
tion of each training session was limited to either 60–80 infusions or 6–8
hr, whichever occurred first. Self-administration sessions were conducted
6–7 d per week. For all but two rats, 2–5 weeks of self-administration
training preceded the first recording session; one rat (S96) completed less
than 2 weeks, another (S138) completed more than 5 weeks.
During recording sessions, if lever pressing was not initiated by the rat

within the first hour of the self-administration session, 1–3 noncontingent
infusions of cocaine were administered to the subject. In seven experi-
ments, the self-administration session was followed by an extinction test
wherein lever presses were followed by saline infusions. The saline
infusions occurred in conjunction with the same stimulus events and
time-out constraints associated with cocaine infusions.
Electrophysiological recording. Only microwires that recorded neural

waveforms during preexperimental screenings were included in experi-
mental recordings. During an experiment, electrophysiological recording
began 1 hr before the start of the self-administration session and contin-
ued for 1 hr after the session. Activity from each recorded microwire first
was led into a field effect transistor in the headstage of the electronic
harness (NB Labs, Denison, TX). The neural signal then was led through
a modified Airflyte fluid and electronic swivel (CAY-675–24, Airflyte
Electronics, Bayonne, NJ) to a preamplifier (Riverpoint Electronics,
Goldsboro, NC) that differentially amplified the signal on the recording
wire against another microwire (i.e., a NAcc microwire that exhibited
ambient noise comparable to the recording microwire but did not exhibit
a neural signal). The signal then was led through a bandpass filter (450 Hz
to 10 kHz) and amplifier (Riverpoint Electronics). Using software and
hardware of DataWave Technologies (Longmont, CO), electrical signals
were sampled (50 kHz sampling frequency for each recording wire),
digitized, time stamped (0.1 msec resolution), and stored for off-line
analysis. After the experiment, cluster analysis software (DataWave
Technologies) was used to isolate neural waveforms and to discriminate
among waveforms corresponding to different neurons recorded by the
same wire. Waveforms of different neurons were separated on the basis of
a number of parameters including total spike height, valley and peak
amplitude, latency to peak, and voltages at particular points on the
descending and ascending limbs of the waveforms. Recordings were
obtained during only one session from each microwire and, hence, only
once from each neuron.
Histology. Subjects were injected with a lethal dose of sodium pento-

barbital. Anodal current (50 mA for 3–4 sec) was passed through each
microwire that previously had yielded a neural recording. Animals were
perfused with formalin–saline. The brain was removed and sunk in a
solution of formalin and sucrose. Coronal sections (50 mm) through the
NAcc were mounted on slides and incubated in a solution of 5% potas-
sium ferricyanide and 10% HCl to stain the iron deposits left by the
recording tip (Green, 1958). The tissue was counterstained with 0.2%
solution of Neutral Red. The location of each recorded neuron was
plotted on the coronal plate (Paxinos and Watson, 1986) that most closely
corresponded to its anterior–posterior position. Sixty-six neurons were
additionally localized to either the medial or lateral sections of the NAcc.
The medial sections were defined as the medial rostral pole (,1.6 mm
lateral from midline) 1 the shell. The lateral sections were defined as the
lateral rostral pole ($1.6 mm lateral from midline) 1 the core. The
posterior boarder of the rostral pole was defined as 2.2 mm anterior from
bregma (see Zahm and Brog, 1992). The boarder between core versus
shell was approximated on the basis of Paxinos and Watson (1986). The
distributions of neuronal categories in the medial versus the lateral
sections were compared using x2 tests (Siegel, 1956) (df 5 1; p 5 0.05).

Perievent time histogram analysis of neural firing
Individual neurons. Each perievent time histogram was constructed such
that the following were true: (1) the maximum number of available
reinforced lever presses contributed to the histogram; (2) firing was
displayed on a time base that approximated the interinfusion interval; and
(3) there was no overlap in the firing displayed for consecutive lever
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presses. To these ends, the initial 5–10 irregularly spaced self-infusions of
the loading phase were excluded from analysis. All other reinforced lever
presses bracketed by interinfusion intervals of a minimum length (i.e., 1
min less than the mode) were included in the histogram. Offset of the
reinforced lever press (0.1 msec resolution) was the histogram node.
Given that subjects’ modal interinfusion interval varied, the time base of
the histogram varied among rats and ranged from 8 to 24 min (i.e., 64 to
612 min of the lever press). For each neuron, one lever-press histogram
was constructed with a bin width of 0.1 min and another was constructed
with a bin width of 0.5 min.
Groups of neurons. For each of the histograms constructed with a 0.5

min bin width, firing rates were normalized by dividing Hz in each bin by
the Hz in the bin showing the maximum firing rate in that histogram. The
normalized firing rates then were used to construct average histograms.
To construct such a histogram for a given group, normalized Hz within
each respective 0.5 min bin was averaged across all the neurons in that
group.
Quantitative analysis of firing time locked to the reinforced lever press.

Only statistically significant increases or decreases in firing rate are
reported herein as changes in firing. Significance was evaluated by using
the Wilcoxin matched pairs test (p 5 0.05, unidirectional) (Siegel, 1956;
Schultz et al., 1992). To conduct the test, firing rates before and after the
reinforced lever press were calculated for each neuron using a sliding
window procedure (Schultz et al., 1992); the measure of firing rate,
number of discharges, was determined as a function of 0.5 min time
windows using a step time equal to 0.1 min. For each lever-press trial that
was included in a Wilcoxin matched pairs test, the numbers of discharges
in two time windows, or in two 0.1 min steps, were input as a matched pair
into the test.
Changes in firing postpress. A postpress change was defined as a signif-

icant increase or decrease in firing rate that occurred during the first 2
min after the reinforced lever press, relative to firing in the 2 min before
the reinforced lever press. In analyzing a postpress decrease statistically,
discharges in the 0.5 min time window with the minimum discharges after
the press were compared with discharges in the 0.5 min window with the
maximum discharges before the press. The latency to onset of a decrease
postpress was determined in two stages. It first was delimited with a 0.5
min resolution. This was done by identifying the first 0.5 min window
postpress in which number of discharges decreased significantly from that
in the 0.5 min window with the maximum firing rate prepress. To further
resolve the onset latency to within 0.1 min, firing rates during the five 0.1
min steps included in that postpress window then were compared with
firing rates in the 0.1 min steps of the prepress window. The first 0.1 min
step postpress in which discharges decreased significantly from those in
the 0.1 min step with maximum discharges prepress was defined as the
onset latency. The latency to culmination of a postpress decrease (i.e., time
at which the decrease attained its minimum) also was determined in two
stages. First, it was delimited by determining the 0.5 min window in which
firing decreased to its minimum, and then it was defined as the first 0.1
min step therein with minimum discharges. The culminant firing rate of the
postpress decrease equaled the average firing rate during the entire 0.5 min
window that delimited the culmination latency. Similar procedures were
used to characterize increases in firing rate postpress.
Reversal. Significant changes in firing rate that occurred after, and

relative to, the first 2 min postpress were defined as reversals. For almost
all neurons, the reversal followed and completely reversed a significant
postpress change. In those cases, the latency to onset of the reversal was
determined as follows. Initially, it was delimited by determining the first
0.5 min window in which firing reverted significantly from the culminant
firing rate of the postpress change. It then was defined as the 0.1 min step
therein with the most reverted firing rate. As was the case for all other
latencies, the latency to culmination of the reversal was determined in two
stages. First it was approximated by determining the 0.5 min window in
which the reversal attained its maximum or minimum. Then it was
defined as the 0.1 min step therein with maximum or minimum dis-
charges. The culminant firing rate of the reversal equaled the average firing
rate during the entire 0.5 min window that delimited the culmination
latency of the reversal.
Magnitude and duration of changes in firing rate. A percent change

measure was used to characterize the magnitude of changes in firing rate.
Percent change equaled: (maximum Hz 2 minimum Hz)/maximum Hz.
The maximal pre- versus postpress change in firing rate was defined as the
difference between the culminant firing rate of the postpress change and
the culminant firing rate of the reversal. Duration of various phases of the
neural cycle were defined as follows: (1) duration of the postpress change

equaled the interval that elapsed from the offset of the reinforced lever
press to the onset of the reversal; (2) duration of the reversal equaled the
period between its onset and culmination; and (3) duration of the
postreversal period equaled the time that elapsed between culmination of
the reversal and completion of the lever press. The combined durations of
the three phases of the neural cycle necessarily equaled the interinfusion
interval. For each phase of the neural cycle, a bidirectional Pearson
product moment correlation was calculated between its duration and the
duration of the self-administration cycle (i.e., the interinfusion interval).
Categorization of responsive neurons. Initial categorization of responsive

neurons was made on the basis of the postpress change, i.e., whether
there was a significant increase, a significant decrease, or no change.
Additional categorization was based on the time course of the reversal,
which was termed early, late, or progressive according to the following
operational definitions. An early reversal began and culminated within
the first 4 min after the preceding lever press. In contrast, a late reversal
did not begin and culminate until some time during the last 2 min before
the next lever press. A progressive reversal began within the first 4 min
after the previous press but culminated only within the last 2 min before
the next one.
Further analysis of neural firing: histograms with low interinfusion interval

variance. Additional lever press histograms for individual neurons were
constructed using selected trials. Those selected trials included all trials in
which the prepress interinfusion interval fell within a 1 min range. That
range typically overlapped with the modal interinfusion interval and was
chosen so as to maximize the number of lever-press nodes included in the
histogram.

RESULTS
Behavior
In 14 experiments, rats completed reinforced lever presses by
depressing the lever with a forepaw; in 2 experiments (S94e1 and
s50e1), rats made responses with the snout. After each lever press,
rats typically locomoted to a location in the chamber where they
engaged in focused stereotypy. As the interinfusion interval
elapsed, subjects were less likely to engage in stereotypy and more
likely to engage in locomotion both around the chamber and
toward the lever. At the end of the interval, an approach to the
lever was followed by a lever press that marked the onset of the
next behavioral cycle. Self-infusions were separated by regular
intervals. Thus, the hourly rate of cocaine self-administration (i.e.,
reinforced lever presses/hr) was stable; examples are shown in
Figure 1. Within individual sessions, and after the initial loading
phase, the interinfusion interval typically did not vary more than
2 min from the median. In 11 of the 16 recording sessions, the
median interinfusion interval fell within a range of 6.3–8.7 min.
During behavioral extinction, the rate of nonreinforced lever
pressing first increased relative to the rate of cocaine reinforced
lever pressing and then decreased rapidly to zero (Fig. 1B). The
patterns of behavior observed in the present study are in agree-
ment with previous reports (Pickens and Thompson, 1968; Woods
and Schuster, 1968; Wilson et al., 1971; Yokel and Pickens, 1973;
Yokel and Wise, 1975; Pickens et al., 1978; Carelli et al., 1993;
Chang et al., 1994; Peoples et al., 1994).

Sample of neurons
In 16 sessions (14 rats), 78 NAcc neurons were recorded from 36
microwires. Of the 78 neurons, 96% exhibited a negative–positive
waveform. Amplitude of the waveforms typically ranged from 100
to 300 mV; average amplitude equaled 1846 13 mV (noiseband5
50 mV). Except for the distinct firing rate of a group of very
slow-firing neurons (see below), tonic firing rates were similar
among the various categories of neurons (see below) during the 30
min before the start of the self-administration session; average
tonic firing rate equaled 0.06 6 0.02 Hz for the 16 slow-firing
neurons and 0.276 0.05 Hz for the remaining 62 neurons. A large
proportion of the neurons [40/78 (51%)] responded phasically
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during self-administration (i.e., showed statistically significant
fluctuations in firing rate time locked to the reinforced lever
press). A smaller number of neurons [22/78 (28%)] were nonre-
sponsive (i.e., showed no significant fluctuation in firing time
locked to the lever press). The remaining 16 (21%) neurons could
not be analyzed statistically, because the number of self-
administration trials in which neural discharges occurred was too
low (i.e., less than six). Half of those slow-firing neurons displayed
patterns of firing that appeared time locked to the lever press
(shown below). Thus, the reported percentage of phasically re-
sponsive neurons (51%) may be conservative.

Categories of firing patterns related to the cocaine-
reinforced lever press
Neurons that responded during cocaine self-administration typi-
cally changed firing rate shortly after the reinforced lever press

and then reversed that change later in the interinfusion interval.
Responsive neurons were categorized first according to the nature
of the postpress change (i.e., a significant decrease, significant
increase, or no change) and then according to the time course of
the significant reversal (i.e., early, late, or progressive). This
categorization clustered the 40 responsive neurons into seven
groups.
Three groups of neurons (n 5 29) decreased firing to a mini-

mum within 1 or 2 min after the reinforced lever press. These
three groups differed with respect to the time course over which
they reversed the postpress decrease. The first group reversed the
decrease progressively. Firing rate began to increase early in the
interval and continued to increase until it returned to the original
prereinforcement rates, which were attained late in the interval,
shortly before the next lever press (decrease 1 progressive rever-
sal neurons, n 5 20) (Fig. 2, Table 1, row A). The second group
of neurons reversed the postpress decrease rapidly and early
during the interinfusion interval (decrease 1 early reversal neu-
rons; n 5 6) (Fig. 3k, l; Table 1, row B). The third group also
reversed the postpress decrease precipitously but did not do so
until late in the interinfusion interval and shortly before the next
lever press (decrease 1 late reversal neurons; n 5 3) (Fig. 3 o, q;
Table 1, row C).
Two groups of neurons (n 5 8) showed firing patterns opposite

to those described above. Both increased firing to a maximum
within the first 1 or 2 min postpress. One group reversed the
increase progressively. Firing rate began to decrease early in the
interval and continued to decrease until it returned to the original
prereinforcement rates, which were attained late in the interval,
shortly before the next lever press (increase 1 progressive rever-
sal neurons, n 5 6) (Fig. 4s, t; Table 1, row D). The other group
reversed the postpress increase rapidly and early during the in-
terval (increase1 early reversal neurons, n5 2) (Fig. 4u; Table 1,
row E). Neurons in the remaining two categories of responsive
neurons (n 5 3) did not show a postpress change in firing but did
show other changes in firing (no change 1 early reversal neurons)
(see Fig. 3m, r; Table 1, rows G, F).

Firing during the complete interinfusion interval
displayed with respect to the reinforced lever press:
an overview
Recording of the seven patterns of firing occurred reliably and
under a variety of conditions. For example, responsive firing
patterns were recorded on individual trials, in 15 of 16 recording
sessions, and in 13 of 14 animals. In addition, responsive neurons
were recorded concomitantly with nonresponsive neurons in 15 of
16 experiments. Finally, various responsive categories were re-
corded simultaneously during individual sessions (e.g., Fig. 2a vs
Fig. 4s; Fig. 3i vs Fig. 4t; Fig. 2e vs Fig. 4v; Fig. 2c vs Fig. 3o; Fig.
3l vs Fig. 3q). The reliability and generality of the seven patterns
show that they are not merely artifacts of idiosyncratic behavior or
unique experimental events; rather, they likely are phasic re-
sponses of distinct categories of neurons that differentially process
events associated with the cycle of cocaine self-administration.
An overview of the seven categories of responsive neurons

showed the following. First, when firing during the entire interin-
fusion interval was analyzed with respect to self-infusion, the most
rapid changes in firing were observed during the 2 min immedi-
ately before and/or after self-infusion (see Figs. 2–4). Second, the
most common change in firing postpress was a decrease. Third,
responsive neurons that showed the same type of change in firing
at the time of the lever press did not always share the same

Figure 1. A, Stable hourly rates of cocaine self-administration exhibited
by each of four rats during individual recording sessions. For each graph,
the range of the ordinate equals mean reinforced lever presses per hour
65; mean reinforced lever presses per hour is indicated by the number to
the left of the ordinate and by the dashed line. Closed circles represent
reinforced lever presses per hour. Open triangles represent total number of
lever presses per hour (i.e., reinforced presses summed with time-out
presses). Time-out presses occurred immediately after the lever press and
before the completed infusion. B, The pattern of behavioral extinction
exhibited by each of four rats. Each of the four strip charts displays the
nonreinforced lever presses made during the extinction phase (to right of
label E) and the reinforced lever presses made during the preceding 60–70
min of cocaine self-administration (to left of label E).
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patterns of firing at other times in the interinfusion interval (e.g.,
decrease 1 late reversal neurons vs decrease 1 progressive re-
versal neurons). Fourth, the majority (65%) of responsive neurons
exhibited a progressive reversal of the postpress change. The
consistent firing pattern of these progressive reversal neurons, as
well as their prevalence, suggests that they constitute a substantial
subpopulation of NAcc neurons. Moreover, it is likely that the

combined firing pattern of these progressive reversal neurons
(e.g., Fig. 5) is a predominant component of the efferent signal
transmitted by the NAcc to target structures.

Detailed time course analysis
Postpress change
A postpress change was exhibited by 37 of 40 responsive neurons.
Although there was a range of onset latencies (0.1–1.0 min post-
press) and culmination latencies (0.1–2.0 min postpress), the
postpress change was typically completed rapidly after the lever
press (see Figs. 2–5). The average latency to onset equaled 0.17 6
0.03 min postpress, and the average latency to culmination
equaled 0.8 6 0.1 min postpress. In addition, the change in firing
rate that occurred within the first 0.5 min postpress, relative to 0.5
min prepress, was significant for 32 of 37 (86%) neurons and was
only 25% less than the maximal change in firing that occurred
postpress, relative to prepress (maximal change 5 70 6 4%).
These data show that the postpress change was closely related in
time to the previous, just-completed lever press and that it oc-
curred with a substantially shorter time course than the interin-
fusion interval.

Reversal
The average onset and culmination latencies of the three types of
reversals are displayed in Table 2. Those latencies show that the

Table 1. Categorization of firing patterns related to the cocaine
reinforced lever press

Categories of responsive neurons
Figure
example

No.
(% neurons)

Postpress change Reversal
(A) Decrease Progressive 2a–g, 5, 7a–g 20 (50%)
(B) Decrease Early 3k–l 6 (15%)
(C) Decrease Late 3o, q 3 (8%)
(D) Increase Progressive 4s, t, 5, 7s, t 6 (15%)
(E) Increase Early 4u, 7u 2 (5%)
(F) No change Early 3m 2 (5%)
low pre- and postpress

(G) No change
high pre- and postpress Early 3r, 7r 1 (2%)

40 (100%)

Number of responsive neurons equals 40 (of 78 total neurons).

Figure 2. The most commonly ob-
served pattern of firing time locked to
the lever press. Each histogram displays
the firing pattern exhibited by one de-
crease 1 progressive reversal neuron.
This category of responsive neuron was
one of two that showed a progressive
reversal. Each histogram was con-
structed with a bin width of 0.1 min and
a time base that approximated the
modal interinfusion interval of the re-
cording session from which the neural
data were obtained. This time base
minimized overlap and allowed illus-
tration of average neural firing with
respect to each animal’s cycle of self-
administration behavior. For each histo-
gram, the ordinate equals average
counts/sec (average Hz) and the abscissa
equals minutes pre- and postreinforced
lever press. On the abscissa, 0 represents
completion of the reinforced lever press.
Arrows underneath the abscissa mark 2
min prepress and 2 min postpress. At the
top left corner of each histogram are
shown the corresponding subject, exper-
iment (e), microwire (m), and number of
lever-press nodes (n). To the left of each
histogram is a sample of consecutively
recorded waveforms; in all cases, posi-
tive voltage is up. The vertical calibra-
tion bar to the left of each waveform
sample indicates 0.05 mV; each wave-
form trace spans 0.65 msec. Examples of
early (Fig. 2e, g; see also Fig. 3o, q) and
late (Fig. 2b; see also Figs. 3j, 4s–u)
onsets of the postpress change are
shown in this and subsequent figures.
Examples of early (Fig. 2c, e; see also
Figs. 3l, p, 4s, u, w) and late (Fig. 2d, g;
see also Fig. 4t) culminations of the post-
press change are similarly displayed.
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early and late reversals, in their entireties, were closely related to
one lever press, the early reversal to the just-completed lever press
and the late reversal to the imminent lever press. The progressive
reversal was quite different. Its onset was time locked to the
previous lever press, but its culmination was time locked to the
next lever press. Thus, the time course of the complete progressive
reversal approximated that of the interinfusion interval (Figs.
2 b–d, e, g, 4s, 5).

Relationship between the progressive reversal and the
complete cycle of cocaine self-administration
The 26 neurons that showed a progressive reversal were recorded
from nine rats. Between-animal comparisons showed that the
duration of the progressive reversal in the lever-press histograms
varied positively with the interinfusion interval (e.g., see Fig. 2b vs
2d, 2e vs 2c), i.e., the longer-duration progressive reversals were
recorded from animals that exhibited longer interinfusion inter-
vals. A correlational analysis conducted with all 26 of the neurons
showed that the duration of the progressive reversal was positively

and significantly correlated with the modal interinfusion interval
(Fig. 6, bottom) (r 5 0.74, p ,0.05). In contrast, neither duration
of the postpress change (r 5 0.03, p .0.05) nor duration of the
postreversal period (r 5 0.23, p .0.05) was correlated with the
interinfusion interval.

Further analysis of the progressive reversal
Reinforced lever presses included in the original histograms were
preceded by interinfusion intervals of variable length. Therefore,
the progressive change in firing displayed prepress might have
appeared progressive owing to an artifact of averaging firing at
different times postpress (e.g., firing 2 min prepress could corre-
spond to 5 min postpress in one trial and 7 min postpress in
another). This potential confound was circumvented by construct-
ing additional histograms using only lever presses preceded by
comparable interinfusion intervals. As shown in Figure 7, progres-
sive reversals shown by the original histograms were similarly
shown by the histograms with low interinfusion interval variance
(see a, c, d, g, s, t in Figs. 2–4 vs Fig. 7). Further analysis showed

Figure 3. Less frequently observed pat-
terns of firing time locked to the lever
press. The format of the figure is the
same as that of Figure 2. The histogram
labeled n exemplifies a slow-firing neu-
ron. Combined, the remaining histo-
grams provide one or more examples of
four of five firing patterns that included
either an early or late reversal (i.e., Table
1, rows B, C, F, and G). The fifth such fir-
ing pattern (i.e., increase 1 early rever-
sal, Table 1, row E) is shown in Figure 4.
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that progressive reversals also were observable on individual
lever-press trials (Fig. 8). Thus, the progressive reversals in the
original histograms were real and not simply artifacts of averaging
across trials of variable length.
The low variance histograms confirmed a number of other

observations. As in the original histograms, duration of the pro-
gressive reversal in the low-variance histograms increased in par-
allel with increases in interinfusion interval. For example, as
interinfusion interval increased from 5 to 8 min among the ani-
mals that correspond to Figure 7a, g, c, and d, the progressive
reversal increased in duration from 4 to 7 min. These observations
confirm that the duration of the progressive reversal was positively
related to the duration of the cycle of self-administration (inter-
infusion interval). Firing in these histograms additionally con-

Figure 5. Summary of the most commonly observed firing patterns time
locked to the lever press. The top graph is the average lever-press histo-
gram of all 20 decrease 1 progressive reversal neurons (Table 1, row A).
The bottom graph is the average lever-press histogram of the six increase
1 progressive reversal neurons (Table 1, row D). Ordinate shows average
normalized Hz 6 SE. Abscissa displays minutes pre- and postpress. Time
0 represents completion of the lever press. Each neuron that contributed
to a summary histogram contributed to each of the 16 bins in that
histogram.

Figure 4. Increases in firing rate postpress. The format of the figure is the
same as that of Figure 2. Two categories of responsive neurons are
exemplified in the figure including (1) increase 1 progressive reversal
(Table 1, row D) and (2) increase 1 early reversal (Table 1, row E).

Table 2. Onset and culmination latencies for each of the three types
of reversals

Reversal type Onset Culmination

Progressive 1.6 6 0.1 min postpress 0.7 6 0.1 min prepress
Early 0.8 6 0.1 min postpress 2.8 6 0.3 min postpress
Late 0.9 to 1.7 min prepressa 0.1 to 0.3 min prepressa

Data are expressed as average 6 SE. a N 5 3. Range given instead of average.
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firmed the cyclic nature of the neural changes and the synchro-
nicity of those changes with the cycle of self-administration; the
onset and completion of the neural cycle consistently occurred in
conjunction with the onset and completion of the self-
administration cycle.

Additional observation: changes in firing prepress that
were distinct from the reversal
The original lever-press histograms showed that some progressive
reversal neurons exhibited a prepress change in firing rate imme-
diately before the lever press, which was potentially distinct from
the reversal. Consistent with the histograms, statistical analysis
showed that seven neurons showing progressive reversals, as well
as five of six late reversal neurons, changed firing significantly
during the last 0.5 min before the lever press (relative to firing
during 0.5–1.0 min prepress). Usually, the change in firing pre-
press exhibited the following characteristics: (1) it was embedded
in the culminating phase of the reversal; (2) it was consistent in
direction with the reversal (e.g., Figs. 2d, g, 3o, q); and (3) it was
large in comparison to changes that occurred in earlier phases of
the reversal. These rapid changes in firing may have reflected the
introduction of additional processing specific to the imminent
lever press. A final observation was that some neurons exhibited

a change in firing rate within the last 0.1 or 0.5 min prepress that
was opposite of the reversal and consistent with the postpress
change (e.g., Figs. 2a, c, 3k, l). This latter type of change prepress
suggests that the event coded by the “postpress change” may, for
some neurons, actually begin shortly before the lever press.

Combinations of neurons recorded by
individual microwires
Certain combinations of neuron categories were recorded simul-
taneously by single microwires. First, single wires recorded com-
binations of responsive and nonresponsive neurons. Second, three
of eight wires that recorded early and late reversal neurons
recorded several of the five categories simultaneously. For exam-
ple, the same wire recorded all of the neurons represented by
Figure 3, j and r, and Figure 4w during a single session. Third, 6
of 11 wires that recorded slow-firing neurons also recorded de-
crease 1 progressive reversal neurons. Individual wires rarely
recorded other combinations of neurons.

Histology
The combinations of neurons recorded on individual microwires
suggest that some categories of neurons might be differentiated
anatomically. The histological results, although preliminary given
the size of the neuron sample, are consistent with this hypothesis
(see Fig. 9). Most neurons in the five categories that showed early
and late (i.e., nonprogressive) reversals (Table 1, rows B, C, E–G)
were located in the medial sections (i.e., medial rostral pole 1
shell) of the NAcc. x2 tests showed that the ratio of nonprogres-
sive to progressive reversal neurons in the medial sections (11:7)
was significantly greater than that in the lateral areas (3:12).
Consistent with this, the increase 1 progressive reversal neurons
tended to be located in the lateral sections (i.e., lateral rostral pole
1 core). x2 tests showed that the ratio of increase 1 progressive
reversal neurons to nonprogressive reversal neurons in the lateral
sections (5:3) was significantly different from that in the medial
sections (1:11). There were no other differences in the distribu-
tions of the seven categories of responsive neurons. There also
were no significant differences in the distributions of the following
groups of neurons: (1) responsive versus nonresponsive; (2) those
grouped according to the direction of the postpress change; and
(3) those grouped according to the direction of the reversal.

DISCUSSION
Principal findings
Under conditions of moderate behavioral training, characteristic
self-administration behavior, a moderate cocaine dose, and a time
frame comparable to the interinfusion interval, a large proportion
of NAcc neurons exhibited cyclic changes in firing rate that were
synchronous with cyclic self-infusion of cocaine. Given the neces-
sary contribution that neurons of the NAcc make to cocaine
reinforcement, it is likely that at least some of these cyclic changes
in firing rate reflect activity that is necessary for cocaine
self-administration.
For almost all neurons, the phasic changes in firing rate were

divisible into two primary phases: a postpress change and a
reversal of that change. The postpress change most often con-
sisted of a decrease in firing. The reversal in some cases occurred
rapidly, early or late in the interinfusion interval, but typically
developed progressively over the course of the interval. The
various types of postpress changes and reversals occurred together
in seven reliable combinations. Those combinations showed that
different neurons that exhibited the same pattern of firing at the

Figure 6. Relationship between the duration of the complete cycle of
self-administration (i.e., interinfusion interval) and durations of three
phases of the postpress change 1 progressive reversal firing pattern. The
abscissa of each scattergram displays the duration (minutes) of the inter-
infusion interval. From top scattergram to bottom scattergram, the ordi-
nate displays duration (minutes) of the following: (1) the postreversal
period that elapsed between reversal culmination and the completed lever
press; (2) the postpress change; and (3) the progressive reversal.
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time of the lever press did not always share the same patterns of
firing at other times during the interinfusion interval. Thus, con-
sideration of firing during the entire self-administration cycle is
necessary to differentiate among distinct categories of responsive
NAcc neurons.
The diverse firing patterns likely reflect the responses of cate-

gories of neurons that differentially process events associated with
the cycle of cocaine self-administration. The minority of respon-
sive neurons (i.e., early and late reversal neurons) exhibited only
punctate changes in firing time locked to the lever press, such that

firing rate was stable during most of the interinfusion interval.
Those punctate changes likely are related either to the act of
self-infusion or to events temporally proximal to it (e.g., approach
behaviors that lead to lever pressing, the infusion, or cues paired
with the infusion). The firing pattern exhibited by the majority of
neurons included both a rapid postpress change, which possibly is
related to the occurrence of self-infusion, and a progressive re-
versal of that change. The duration of the progressive reversal, but
not of the postpress change, was directly correlated with the
duration of the interinfusion interval. As discussed already, the

Figure 7. Lever-press histograms constructed with
low variance in the prepress interinfusion interval.
Each histogram was constructed for an individual
neuron already illustrated in Figures 2–4 and was
constructed using only lever-press nodes with com-
parable interinfusion intervals prepress. Bin width in
each histogram is 0.1 min. The letter at the left of each
histogram indicates the corresponding histogram in
Figures 2–4. In each histogram, the abscissa displays
firing on a time base of either 612 min (top six
histograms) or 617 min (bottom three histograms).
From the top downward in the figure, interinfusion
interval increases as a function of each successive
row of histograms. Each histogram and raster display
shows the change in firing time locked to the lever-
press nodes (at time 0 on abscissa), plus the change
in firing time locked to the immediately preceding
lever presses (hatch marks at upper left of histogram).
Thus, each histogram displays firing during at least
one complete cycle of self-administration behavior,
from one lever press to the next. Between-histogram
comparisons show that the duration of the neural
cycle increased as a function of increases in the
interinfusion interval. Examples of low variance his-
tograms are provided for four of seven firing patterns
observed in the original histograms (e.g., respec-
tively, histograms g, s, u, and r correspond to Table 1,
rows A, D, E, and G).
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interval appears to reflect the metabolic time course of the drug
effect that engenders drug taking. Given that a correlated time
course characterizes the progressive reversal, that change in firing
may contribute to the transduction of cocaine levels into a bias to
engage in drug taking. The prevalence of progressive reversal
neurons suggests that they constitute a fairly large subpopulation
of NAcc neurons. Moreover, it is likely that the combined firing
pattern of those neurons is both a predominant component of the
efferent signal transmitted by the NAcc to target structures and an
integral component of the physiological mechanism by which the
NAcc contributes to cocaine self-administration.

Comparison to previous studies
Previous studies showed that NAcc neurons exhibit changes in
firing time locked to cocaine self-infusion (Carelli et al., 1993;
Carelli and Deadwyler, 1994; Chang et al., 1994) (see also Peoples
et al., 1994). Concomitant with replicating this finding, the present
study made the following additional contributions: (1) systemati-
cally documented the direction and time course of changes in
firing rate throughout the interinfusion interval; (2) identified
various phases of firing patterns apparent on the time frame of the
interinfusion interval; (3) showed that when firing is displayed
with respect to self-infusion, the rapid changes in firing that occur
shortly before and after self-infusion are not accompanied by
similar rapid changes at other times in the interinfusion interval;
and (4) demonstrated that consideration of temporal characteris-
tics of the changes in firing rate, in addition to their directional

characteristics, facilitates discrimination of categories of respon-
sive neurons.
The three laboratories that recorded NAcc neurons in rats

self-administering cocaine made a number of similar observations.
Carelli and Deadwyler (1994) observed that some neurons
showed an increase in firing rate that developed gradually within
the last 0.5 or 1.0 min prepress; other neurons showed a pro-
longed increase in firing postpress that lasted as long as 40–180
sec. Those changes are similar to the pre- and postpress increases
exhibited by various groups of neurons in the present study.
Carelli and Deadwyler (1994) also observed that before the lever
press actually was completed, some neurons changed firing toward

Figure 8. Progressive reversals in firing rate exhibited by individual
neurons on individual trials. Each of the four lever-press histograms was
constructed for a neuron already illustrated in Figure 7; the letter at the left
of each histogram indicates the corresponding histogram in Figure 7. The
time base of each histogram equals the pre- and postpress interinfusion
interval for that trial. Bin width equals 0.5 min. The strip chart (bottom)
displays repeated progressive reversals exhibited by a single neuron across
successive lever presses. The corresponding lever presses are demarcated
as ticks on the bar at the top of the strip chart. To the right is a sample of
waveforms for the neuron (not shown in other figures) depicted in the
strip chart.

Figure 9. The histological localization of 66 NAcc neurons recorded
during cocaine self-administration. Locations of lesions are shown in
coronal sections (medial at left of each section). Downward triangles
represent decrease 1 progressive reversal neurons (i.e., Table 1, row A);
upward triangles represent increase 1 progressive reversal neurons (i.e.,
Table 1, row D); open circles represent neurons that showed either an early
or late reversal (i.e., Table 1, rows B, C, E, F–G); horizontal lines represent
nonresponsive neurons; and plus signs represent neurons with a slow firing
rate. If multiple neurons were recorded from a single microwire tip,
symbols representing all of the neurons recorded from that wire were
stacked in a vertical column; the most ventral symbol indicates the actual
location of the wire tip.
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postpress rates. A similar finding was made in the present study.
Chang et al. (1994) observed the following: ;50% of all recorded
neurons exhibited a phasic change in firing time locked to the
lever press; almost all of the responsive neurons exhibited a
postpress change, typically a decrease; and changes in firing pre-
press were factorially combined with postpress changes, although
the pre- and postpress changes generally were opposite each
other. These findings of Chang et al. (1994) are strikingly similar
to the results of the present study (see also Peoples et al., 1994).
The time frames used to statistically analyze changes in firing

rate time locked to self-infusion varied among the three labora-
tories. For example, the time frame for a postpress change
equaled 2 min postpress in the present study, 40–80 sec postpress
in the study by Chang et al. (1994), and 2.5 sec postpress in the
study by Carelli and Deadwyler (1994). The different time frames
may be an important consideration in certain between-study com-
parisons, including the following. First, the proportion of respon-
sive NAcc neurons observed in the present study was similar to
that found by Chang et al. (1994) but was greater than that found
by Carelli et al. (1993) and Carelli and Deadwyler (1994). Second,
the former two studies found that postpress decreases were more
prevalent than were postpress increases, whereas the reverse was
observed in the latter two studies. Preliminary investigation in our
laboratory showed that a portion of neurons categorized as re-
sponsive on the long time frame of the interinfusion interval also
exhibited changes in firing during the few seconds before and after
the press, which were similar to patterns described by Carelli et al.
(1993) and Carelli and Deadwyler (1994). Importantly, the
changes over the short time frame sometimes were distinct (e.g.,
opposite) from the patterns of firing on the long time base. Thus,
divergent findings among the three studies may reflect, at least in
part, the distinct patterns of firing exhibited by the same popula-
tion(s) of neurons over the short versus long time frames. That is,
the firing pattern of individual NAcc neurons may be related to a
variety of events, some of which occur within seconds of the
self-infusion and some of which occur during the minutes of the
complete interinfusion interval.
Previously, our laboratory made a preliminary report of the

progressive reversal firing pattern and of its possible relationship
to the interinfusion interval (Peoples et al., 1994). Chang et al.
(1994) made a similar preliminary observation. The characteriza-
tion of the progressive reversal neurons made in the present study
verified the above earlier findings and also provided the following
additional information: (1) the duration of the progressive rever-
sal, but not of the postpress change or of the postreversal period,
is significantly positively correlated with the interinfusion interval;
(2) the relationship between the duration of the reversal and the
interinfusion interval holds for neurons that show a postpress
increase as well as for neurons that show a postpress decrease; (3)
the progressive reversal is exhibited by the majority of responsive
neurons; and (4) a progressive reversal sometimes terminates with
or is followed by a rapid punctate change in firing rate within the
last 0.5 min before the lever press.

Pharmacological contributions to the cyclic
firing patterns
We suggested above that the progressive reversal may contribute
to the transduction of cocaine levels into a bias to engage in drug
taking. Consistent with this suggestion, some characteristics of the
progressive reversal and of the postpress change that it reverses
are consistent with potential pharmacological mediation. Those
characteristics include the following: (1) the postpress change

culminated on average shortly after completion of the cocaine
infusion; (2) the reversal was progressive and continued slowly
across most of the interinfusion interval; (3) the time course of the
reversal was correlated with the time course of the pharmacolog-
ically determined interinfusion interval; and (4) the change 1
progressive reversal pattern was prevalent. It should be noted that
several findings of the present study show that it is unlikely that
the entire change1 progressive reversal firing pattern is mediated
simply by drug actions. First, in some cases the postpress change
occurred too rapidly or too early to be attributable to the drug
infusion. Onset of the postpress change sometimes occurred be-
fore the infusion began; moreover, culmination of the postpress
change, for some neurons, took place before the offset of the
infusion. Second, the prepress changes often were accelerated in
comparison to changes in firing during earlier portions of the
interinfusion interval and, therefore, were inconsistent with the
first-order pharmacokinetics of cocaine (see Misra et al., 1976;
Nayak et al., 1976; Welling, 1986; Nicolaysen et al., 1988; Javaid
and Davis, 1993). The potential pharmacological contribution to
the five early and late reversal firing patterns appears less equiv-
ocal, given that the rapidity and timing of both the postpress
changes and the reversals are inconsistent with cocaine
pharmacokinetics.

A potential role of DA
There are several lines of indirect evidence that are consistent
with potential DA mediation of the change1 progressive reversal
firing pattern. In a chronoamperometric study (Gratton and Wise,
1994), phasic changes in electrochemical signal that possibly re-
lated to DA occurred in the NAcc time locked to cocaine self-
infusion (for related observations, see Kiyatkin et al., 1993). In
accord with the chronoamperometric investigation, a recent mi-
crodialysis study (Wise et al., 1995) observed phasic fluctuations in
DA time locked to the cocaine-reinforced lever press. Those
changes followed a postpress change 1 progressive reversal pat-
tern and had a time course similar to that of the change 1
progressive reversal firing pattern observed in the present study.
Additional evidence consistent with DA mediation comes from
between-study comparisons of the direction of changes in DA
observed during microdialysis studies and the direction of changes
in firing observed during chronic single cell recording studies.
During cocaine self-administration sessions, increases in DA
(Hurd et al., 1989; Pettit and Justice, 1989, 1991; Gratton and
Wise, 1994; Wise et al., 1995) occurred during periods in which
there were most typically decreases in firing rates (Carelli and
Deadwyler, 1994; Chang et al., 1994; Peoples et al., 1994; present
study). This inverse relationship is consistent with the inhibitory
effects of iontophoretic and intravenous administration of DA,
cocaine, and other DA agonists on the firing rate of NAcc neurons
in anesthetized rats (Woodruff et al., 1976; Rebec et al., 1979;
Rebec and Zimmerman, 1980; Yang and Mogenson, 1984; White
et al., 1987, 1992, 1993; Qiao et al., 1990).

Motivational function of NAcc firing patterns
Previous studies showed that firing rates of individual NAcc
neurons fluctuate with changes in locomotion (Callaway and Hen-
riksen, 1992; Peoples et al., 1994). However, neural data collected
thus far from self-administration experiments suggest that the
changes in motor behavior that occur before versus after the lever
press do not adequately account for changes in firing time locked
to self-infusion (Carelli et al., 1993; Carelli and Deadwyler, 1994;
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Chang et al., 1994; Peoples et al., 1994). This finding is consistent
with other data showing that mesolimbic DA and the NAcc do not
directly mediate the execution of movements; instead, they have a
psychomotor or motivational function that facilitates incentive-
related approach and preparatory behaviors (Iversen and Koob,
1977; LeMoal et al., 1977; Mogenson et al., 1980; Robbins and
Everitt, 1982; Beninger, 1983; Kelley and Stinus, 1985; Fibiger and
Phillips, 1986; Wise and Bozarth, 1987; Cador et al., 1989, 1991;
Everitt et al., 1989; Phillips et al., 1991; Apicella et al.,
1992; Blackburn et al., 1992; DiChiara et al., 1992; Salamone,
1992; Schultz et al., 1993; Whishaw and Kornelsen, 1993). In the
present paradigm, incentive stimuli are likely to include cocaine-
induced interoceptive cues (see Colpaert, 1987; Overton, 1987;
Stewart and deWit, 1987) as well as exteroceptive cues that are
paired with drug availability. The drug-induced cues may include
those that develop gradually in conjunction with drug metabolism.
Thus, it is possible that some of the changes in firing prepress,
including the progressive reversal, reflect processing of incentive
stimuli and that the rapid changes in firing that occur postlever
press reflect a cessation of that prepress incentive processing.
Evidence supportive of this hypothesis is provided by similarities
between the firing patterns of the present study and firing patterns
observed in relation to food reinforcement. In the latter studies,
some responsive midbrain DA, ventral striatum (VS), and NAcc
neurons of moderately trained monkeys were activated during
prereward incentive-related events (Nishino et al., 1987; Romo
and Schultz, 1990; Apicella et al., 1992; Ljungberg et al., 1992;
Schultz et al., 1992) (for related findings in rats, see Carelli and
Deadwyler, 1994; Kosobud et al., 1994). Similarly, in the present
experiment, firing rates of most responsive NAcc neurons were
elevated during periods in which the animals were likely to be
engaged in drug-related appetitive behaviors.
The suggestion that at least some NAcc firing patterns have a

motivational component is consistent with the incentive motiva-
tion theories of drug addiction. These theories posit that direct
pharmacological activation of motivational (see Bindra, 1974;
Salamone, 1992) brain systems enhances the attractiveness of
drug-related stimuli and thereby importantly mediates compulsive
drug use (see Stewart et al., 1984; Stewart and deWit, 1987; Wise
and Bozarth, 1987; Robinson and Berridge, 1993). Consistent with
this view of drug addiction, noncontingent administration of a
psychomotor stimulant activates drug-related appetitive behaviors
(Pickens and Harris, 1968; Stretch and Gerber, 1973; Davis and
Smith, 1975, 1977; Gerber and Stretch, 1975; Meyer and Mirin,
1979; deWit and Stewart, 1981, 1983; Jaffe et al., 1989) (for
related observations and discussion, see Hodgson et al., 1979;
Griffiths et al., 1980; Wise and Bozarth, 1987; Fischman, 1989;
Lamb et al., 1991; Fischman and Foltin, 1992; Robinson and
Berridge, 1993). This drug-induced activation of drug taking oc-
curs with a shorter latency at lower reinforcing drug levels than it
does at higher ones (Yokel and Pickens, 1974; deWit and Stewart,
1981; 1983). Thus, a parsimonious explanation of temporally
regular, repeated psychomotor stimulant self-administration is
that it is maintained, at least in part, by the temporally regular,
repeated metabolism of drug to a level that, by activating moti-
vational brain systems directly, increases the attractiveness of
drug-related stimuli and facilitates drug-related appetitive behav-
ior (see Yokel and Pickens, 1974; deWit and Stewart, 1981, 1983;
Stewart et al., 1984). The progressive reversal exhibits character-
istics that would be expected of neural changes integral to this
pharmacological process. It is prevalent, temporally regular, cy-
clic, and gradual. Moreover, it is time locked to self-infusion and

is related in duration to the time course over which drug metab-
olizes to levels that engender drug self-infusion. Thus, in light of
the role that the NAcc plays in incentive motivation and the
necessary role of the NAcc in cocaine self-administration, the
progressive reversal is a likely candidate neurophysiological com-
ponent of the mechanism that transduces declining drug concen-
tration into an increase in drug-related appetitive behavior. In
terms of the incentive motivational theories of drug addiction, it
may be a neurophysiological component of the drug-induced
motivational state that determines the salience of drug-related
stimuli and, hence, the extent of related preparatory and approach
behavior.
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