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Psychoactive drug self-administration (SA) produces different neurobiological effects than passive administration (PA) in non-human

animals; however, such consequences have never been examined in human drug abusers. The present study compared

electroencephalographic (EEG) activation produced by intravenous PA and SA of the mu-opioid fentanyl in eight heroin-dependent,

methadone-stabilized male participants. In phase 1, participants received cumulative PA of fentanyl (up to 1.5 mg/70 kg; session 1), then

bolus PA of placebo and fentanyl 1.5 mg/70 kg (session 2). High-dose fentanyl significantly increased the amplitude of slow-frequency

(delta- and theta-band) EEG activity. In phase 2, bolus fentanyl 1.5 mg/70 kg was available for SA, requiring the participant to complete

1500 responses, in each of two sessions after saline or naloxone pretreatment. Delta EEG peak amplitude increases were greater

following fentanyl SA than fentanyl PA, primarily over the central midline region, and were attenuated by naloxone pretreatment. The

EEG increase and its attenuation by naloxone agree with preclinical evidence and suggest that SA-related EEG responses were mediated

by opioid receptors.
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INTRODUCTION

Drug dependence is a persistent behavioral disorder of
cyclical drug self-administration (SA) despite long-term
aversive consequences, and a neurobiological disorder that
involves central nervous system adaptations to chronic drug
exposure. Drug SA behaviors are maintained by direct
pharmacological effects and by stimuli that predict drug
availability. Recent evidence suggests that drug SA by
laboratory animals engages brain processes independent of
processes related to the drug’s pharmacological effects from
passive administration (PA) (Jacobs et al, 2003). Non-
human studies have examined neurobiological differences
between drug SA and PA using a design that involves triads
of rats. One rat is trained to self-administer drug; the second
animal receives the same passively administered drug doses
in the same temporal pattern and the third animal receives
placebo passively in the same temporal pattern. This yoked-
control method separates the effects of behavioral drug

responding (first rat) from direct pharmacological effects
(second rat), relative to the absence of behavioral respond-
ing and drug effect (third rat). These studies have
investigated the neurobiological effects of opioids (heroin
and morphine), psychostimulants (cocaine and ampheta-
mines), and nicotine. After it was reported that cocaine PA
produced greater lethality than cocaine SA (Dworkin et al,
1995), indicating a profound consequence of this behavioral
difference, preclinical research on this topic notably
increased.

In opioid studies, self-administering animals exhibit
higher rates of drug-lever responding than yoked animals
(Amit et al, 1976; Welzl et al, 1989). EEG activity in animals
is greater preceding morphine SA than PA (Grasing and
Szeto, 1993). Animals that self-administer vs receive opioids
passively show differential electrophysiological activity of
cells in the ventral tegmental area (Kiyatkin and Rebec,
2001) and prefrontal cortex (Lee et al, 1999), as well as
differences in nucleus accumbens dopamine release (Hem-
by et al, 1995) and neurotransmitter turnover rates (Smith
et al, 1980, 1982, 1984a). Chronic morphine SA relative to
PA alters acetylcholine and benzodiazepine receptor density
(Smith et al, 1984b), and the expression of various proteins
(Self et al, 1995) and gene transcripts in the nucleus
accumbens shell (Jacobs et al, 2002) but not nucleus
accumbens core (Jacobs et al, 2004) relative to chronic PA.

Neurobiological differences between drug SA and PA have
never been investigated in humans. The investigation of this
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issue is timely because epidemiological data indicate that
the abuse of heroin and prescription opioids and their
resulting morbidities continue to increase (National In-
stitute on Drug Abuse, 2002). The present study sought to
determine whether intravenous SA and PA of the mu-opioid
(ie heroin-like) drug fentanyl produce different neurophy-
siological effects in heroin-dependent, methadone-main-
tained volunteers. Specifically, the study examined whether
fentanyl’s EEG effects differ with SA vs PA and whether
fentanyl produces frequency- and scalp site-specific EEG
changes. EEG spectral activity was measured, initially
during PA of placebo and fentanyl, followed by sessions
in which the same participants responded to self-administer
fentanyl. This within-subject design differs from the yoked-
control between-subjects triad design in non-human
studies, but these three experimental conditions (drug SA,
drug PA, and placebo PA) are comparable. In addition, the
present study examined whether pretreatment with the
opioid antagonist naloxone would attenuate EEG activation
by fentanyl SA, and to determine whether this effect is
mediated by opioid receptors. A physiological reference
measure, pupil diameter, was also included to assess
whether the effects of opioid SA relative to PA were specific
to EEG activity.

Morphine-like drugs can increase EEG power in the delta
(0.35–3.5 Hz) and theta frequency range (3.5–8 Hz) or
decrease power in the alpha-band range (8–13 Hz) in awake,
opioid-abusing individuals (Fink et al, 1971; Phillips et al,
1994; Volavka et al, 1970). Experimenter-administered
fentanyl and other short-acting mu-opioid analgesics
primarily increase delta-band power in surgical patients
(Bovill et al, 1983; Scott et al, 1991; Sebel et al, 1981;
Wauquier et al, 1984). Fentanyl is extremely lipophilic and,
when given intravenously, rapidly crosses the blood–brain
barrier to produce EEG effects almost immediately (Scott
et al, 1991; Sebel et al, 1981). Although subjective effects
and some physiological effects of short-acting mu-opioids
have been studied in opioid abusers (Greenwald et al, 1996;
Baylon et al, 2000), EEG effects of these drugs have not been
studied in opioid abusers. It is preferable to evaluate these
EEG effects in opioid abusers because, relative to opioid-
inexperienced individuals, they more consistently respond
with a profile of psychopharmacological effects that
are related to the abuse liability (ie illicit SA) of these
compounds.

METHODS

Participant Selection and Characteristics

The Wayne State University Investigational Review Board
approved this protocol. This experiment was carried out in
accordance with the Declaration of Helsinki as adopted and
promulgated by the National Institutes of Health. Heroin-
dependent volunteers were recruited from the Detroit area
by advertisements and word of mouth. Volunteers provided
a medical history, blood and urine samples for routine
laboratory testing, and they received an electrocardiogram,
tuberculin screening, and a physical examination. Those
selected were not seeking drug abuse treatment, had no
chronic diseases, were not taking prescribed medications,
and were willing to participate in a short-term research

study while receiving methadone. An experienced clinician
interviewed all volunteers using the Structured Clinical
Interview for DSM-IV (SCID; First et al, 1996). Volunteers
were excluded if they reported a current Axis I psychiatric
disorder except opioid and nicotine dependence, or were
cognitively impaired (estimated IQo80) on the Shipley
(1967) Institute of Living Scale. During screening, volun-
teers were required to provide a urine sample that tested
positive for opioids or methadone (4300 ng/ml), and
negative for cocaine metabolites, benzodiazepines, and
barbiturates (o300 ng/ml). Volunteers were also required
to provide an alcohol-free breath sample. After the
procedures were fully explained, all participants provided
written informed consent and were paid a flat-rate money
amount for completing each session. Volunteers were
informed that their methadone dose would be kept constant
during their research participation, then tapered over about
4 weeks after completing their participation.

A total of 17 people (16 male, one female) were screened,
and three were initially excluded for medical reasons. In all,
14 males enrolled; of these, three dropped out after
receiving a few methadone doses and three others began
testing but were excluded, either for unsystematic ques-
tionnaire responses in session 1, fentanyl-related respira-
tory depression in session 1, or naloxone-related discomfort
in session 3, respectively. Eight (three Black, three white,
two Hispanic) males completed all sessions. These eight
participants were 39.974.7 (mean7SD) years old and had
completed 11.571.5 years of education. Participants
reported using heroin daily for 14.979.7 years and
currently used 5.672.8 $10-dollar bags of heroin per day
(ie spent an average of $392/week). Five inhaled, two
injected, and one inhaled and injected heroin. One
participant reported infrequent cocaine use, which did not
interfere with testing. Three participants reported sporadic
marijuana use (2–7 days in the past month) and one
participant reported daily marijuana use. Participants
smoked 14.479.3 tobacco cigarettes/day. The first volun-
teer was maintained on 70 mg/day methadone and the
remaining seven volunteers were maintained on 60 mg/day
methadone. Participants weighed 78.9715.3 kg.

Drug Administration

All drugs were administered under double-blind conditions.
Methadone hydrochloride (10 mg/ml; Roxane Pharmaceu-
ticals) was diluted with distilled water to a constant 50-ml
volume for all volunteers. Fentanyl hydrochloride (0.05 mg/
ml; ESI/Lederlie/Baxter, Deerfield, IL) and naloxone hydro-
chloride (0.4 mg/ml; Endo, Chaddis Ford, PA) were diluted
with physiological saline to deliver a constant infusion
volume for all drug administrations to each participant.
Fentanyl, naloxone, and saline were administered i.v. using
an infusion pump. Drug infusion duration was about 2 min
and constant within participants, but infusion duration
varied slightly across participants because the volume
depended on the participant’s weight.

Procedure

General procedures. This EEG study was part of a larger
protocol that examined issues of drug craving and seeking
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behavior and vital signs; those data are reported elsewhere
(Greenwald, 2004, in press) and do not overlap with the
present report.

Participants were maintained on oral methadone for at
least 2 weeks prior to the first experimental session. All test
sessions started 20–24 h since the previous day’s methadone
dose (ie at trough level) to minimize cross tolerance to
fentanyl’s effects while avoiding clinically significant levels
of withdrawal signs/symptoms. Prior to each test session,
volunteers arrived at the laboratory (the ambulatory side of
a hospital-based outpatient research unit) at about 0730
hours. Participants were led to a private room with two-way
audio contact and a video camera to monitor their behavior.
A bed, drug infusion pump, and vital signs monitoring
equipment were also located in the test room.

Before each session, urine and breath samples were
collected. All breath samples had to be negative for alcohol.
On test session days, urine specimens were required to test
negative for cocaine metabolites, benzodiazepines, and
barbiturates, whereas opioid-positive urine specimens were
allowed but subjected to semiquantitative analysis (see
Greenwald, 2002). (About 77% of all urine samples tested
opioid positive prior to experimental sessions. Since
fentanyl is rapidly eliminated from the urine, most
opioid-positive urine specimens were undoubtedly due to
outpatient heroin use. However, no participant arrived at
the laboratory for a test session with clinically or

statistically significant opioid agonist effects, as confirmed
by observation and systematic questionnaire evaluation of
session baseline symptoms and vital signs (see Greenwald,
2004, in press)). Second, the nurse inserted the i.v. catheter
and started a saline drip. Third, EEG sensors were attached.
Fourth, participants were permitted to smoke one cigarette
to minimize the potential influence of acute nicotine agonist
or abstinence effects during the test sessions. Nicotine and
caffeine intake was restricted starting 30 min before baseline
testing until the end of each session. No one reported
nicotine or caffeine withdrawal discomfort from these
restrictions. Finally, participants were given a snack before
the session.

Phase 1 evaluated EEG and pupillary effects of passively
administered fentanyl doses (saline and cumulative 0.25,
0.75, and 1.5 mg/70 kg in session 1; saline and bolus fentanyl
1.5 mg/70 kg in session 2). Session 1 was designed to
evaluate the EEG effects of a wide range of ascending
fentanyl doses (placebo and cumulative 0.25, 0.75, and
1.5 mg/70 kg i.v.) and also functioned as an orientation
session. Figure 1 (top row) shows the session 1 flowchart.
After session baseline measures (30 min predrug), a nurse
initiated four separate i.v. infusions at 20-min intervals
(t¼ 0, 20, 40, and 60 min). Saline was administered at t¼ 0,
fentanyl 0.25 mg/70 kg at t¼ 20 min, fentanyl 0.5 mg/70 kg at
t¼ 40 min, and fentanyl 0.75 mg/70 kg at t¼ 60 min. This
produced cumulative fentanyl doses of 0, 0.25, 0.75, and

Figure 1 Flowchart for experimental sessions; see text for more details. Bottom: Timeline (min) for comparison across sessions. For all sessions,
presession activities (pre) included urinalysis, intravenous (i.v.) catheter insertion, EEG scalp electrode placement, and baseline measures. Postsession
activities (post) included vital signs, residual drug effects, sobriety test, and daily methadone dose. In all sessions, t¼ 0 min refers to start of the first i.v. infusion.
Arrows refer to infusions (time of infusion below each session timeline) and horizontal bars refer to EEG and pupil assessments following each infusion (time
of assessment above each session timeline). Top row: In session 1, four i.v. drug infusions were administered at 20-min intervals (saline at t¼ 0 min, then
ascending fentanyl doses at t¼ 20, 40, and 60, which cumulated to 0.25, 0.75, and 1.5 mg/70 kg, respectively). The EEG/pupil assessment period followed
each infusion (shaded bars). Postdrug assessments (open bars; t¼ 85 and 105 min) measured recovery from drug effects, but these data were excluded from
statistical analyses. Middle row: In session 2, two infusions, saline and fentanyl 1.5 mg/70 kg, were administered 2 h apart (t¼ 0 and 120 min). Postdrug
assessments (shaded bars) were conducted at t¼ 5, 25, 45, 65, and 85 min after each infusion. Bottom row: In Phase 2, pretreatment (saline or naloxone)
was administered at t¼ 0 min, followed by assessments at t¼ 5, 25, and 45 min. Five FR 100 opportunities (vertical lines) were presented at each of three
times (t¼ 10, 30, and 50 min). At t¼ 90 min, the participant self-administered the response-contingent fentanyl dose. Assessments were conducted both
before (t¼ 85 min) and after fentanyl SA (t¼ 95, 115 and 135 min).
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1.5 mg/70 kg at these four time points, respectively. From 3
to 6 min after each infusion dose, EEG data were collected
during a 3-min rest period (ie supine, eyes-closed, and
motionless in bed), followed by a pupil photo.

The purpose of session 2 was to allow participants to
sample the fentanyl dose they could work for in later
sessions, and to evaluate its effects relative to placebo.
Figure 1 (middle row) presents the timeline for session 2.
After baseline measures, participants sampled two separate
i.v. drugs 2 h apart. These nurse-administered infusions
were saline (placebo) and fentanyl 1.5 mg/70 kg. For half the
participants, the first infusion was placebo and for the
others it was fentanyl (ie order was counterbalanced). From
3–6 min, 23–26 min, 43–46 min, 63–66 min, and 83–86 min
after each infusionFreferred to hereafter as 5, 25, 45, 65,
and 85 min time pointsFthe EEG and pupil evaluation was
repeated.

Phase 2 evaluated the EEG and pupillary effects of
fentanyl (1.5 mg/70 kg bolus) SA relative to PA (phase 1),
and whether naloxone relative to saline pretreatment (in
two different sessions) attenuated EEG effects of fentanyl
SA. After baseline measures, a research nurse initiated a
pretreatment infusion (t¼ 0 min), either naloxone (0.2 mg/
70 kg in the first participant and 0.1 mg/70 kg in all
remaining participants) or saline. Immediately afterward,
the participant was instructed he could work for drug in
that day’s session. (On other session days during Phase 2,
which are irrelevant to the present study aims, each
participant was given the opportunity to respond on the
same schedule of reinforcement for an amount of money
that he had rated in session 2 as being equivalent to fentanyl
(see Greenwald, 2004, in press, for details). Money-
maintained responding was not statistically different than
drug-maintained responding, and there were no significant
EEG or pupil changes from baseline when participants
responded to earn money (during anticipation of reinforce-
ment) or at any time points after money was paid for
operant performance.) After the pretreatment, the EEG and
pupil evaluation was performed at t¼ 5, 25, 45, and 85 min
postdrug points.

At each of the times (t¼ 10, 30, and 50 min) after each
pretreatment, the participant could respond on five fixed
ratio (FR) 100 schedules by pressing keys on the computer.
Thus, there were 15 total opportunities to work for fentanyl
in each SA session. Instructions were as follows: (1) the
participant was told he could work for the total drug dose
preferred in phase 1 (all participants preferred fentanyl
1.5 mg/70 kg over placebo in session 2 using a standard
choice questionnaire); (2) each FR 100 completed earned 1/
15th (0.1 mg/70 kg) of the total available fentanyl dose; (3)
on each FR 100 occasion, the participant could work for
drug or not; (4) there was limited time to complete each FR
100 and that the clock would begin once the opportunity
was signaled on the computer; (5) if the participant did not
complete all 100 responses in 45 s then he did not earn 1/
15th of the drug; and (6) the participant was told that he
would be able to initiate SA of the total drug dose he earned
90 min after the pretreatment. At t¼ 90 min, the participant
self-administered the fentanyl dose by pressing a button to
start the infusion pump. The EEG and pupil evaluation was
repeated at 5, 25, and 45 min post-fentanyl (t¼ 95, 115, and
135 min after the pretreatment). Therefore, the primary

behavioral differences between PA (phase 1) and SA (phase
2) conditions were that participants (1) had to perform key
press responses to earn drug, and (2) initiated infusion of
the drug. Importantly, this schedule of reinforcement led to
consistently high response rates (ca. 4.5/s) among these
opioid-abusing volunteers (Greenwald, 2004, in press), who
earned all 15 units of fentanyl under these conditions.
Therefore, the dose of fentanyl during PA and SA phases
was equated (1.5 mg/70 kg) in this study.

Measures

In each session, spontaneous EEG activity was recorded
from gold-plated scalp electrodes applied with collodion
using the International 10-20 system (Jasper, 1958). The 21-
lead EEG electrode montage included Fp1, Fp2, F3, F4, F7,
F8, Fz, T3, T4, T5, T6, C3, C4, Cz, P3, P4, Pz, O1 and O2
placements, with each referenced to the contralateral
earlobe. These monopolar EEG signals were collected with
a Nicolet polygraph system (Ultrasom version SR 5.0) using
low-frequency filter¼ 0.3 Hz, high-frequency filter¼ 35 Hz,
and 60 Hz notch filter. Left and right electrooculogram
(EOG) electrodes were applied to the outer canthi and
referenced to contralateral earlobes to record horizontal eye
movements. Electrode impedance was less than 5000 ohms
for each lead.

In all test phases and sessions, EEG activity was sampled
at multiple 3-min intervals (separated in time), digitized at
512 Hz per lead, passed through an antialiasing filter, and
subjected to Fast Fourier Transformation. For each 3-min
interval, data were analyzed in seventy 2.56-s epochs for
power spectra in the following frequency bands: delta (0.35–
3.5 Hz), theta (3.5–7.5 Hz), alpha (7.5–11.5 Hz), slow beta
(11.5–15.0 Hz), and fast beta (15–30 Hz). Data from epochs
with eye movements were excluded using an automated
algorithm.

Initial examination of the data revealed that electrode
interface pins at four frontal sites (Fp1, Fp2, F7 and F8)
were faulty, and were therefore not analyzed. Data
examination indicated no systematic laterality differences
within conditions among most leads (ie F3/F4, C3/C4, P3/
P4, T5/T6 and O1/O2), except T3/T4 (ie over temporal
cortex), and differences in EEG power within conditions
sometimes occurred along the anterior/posterior midline
axis (Fz-Cz-Pz). To highlight representative results, data are
reported for only five spatially distributed leads: three
midline sites, along the anterior to posterior axis (Fz, Cz,
Pz) and left and right temporal sites (T3, T4) on either side
of Cz (Figure 2, upper left). Since absolute EEG levels
differed across individual participants and leads, data from
each lead at each session time point were transformed to
percentage change from predrug baseline scores, then
averaged across participants to obtain an overall index of
EEG response for statistical analyses.

After each EEG recording, pupil diameter was then
assessed using a digital photography and scoring method
(Greenwald et al, 1999). Pictures of the pupil were taken at a
10-cm distance with a close-up lens and flash unit. All
photographs were taken under dim, constant lighting
conditions. Images were digitally filtered to enhance the
contrast between pupil and iris, and scored for vertical and
horizontal extent on a color monitor. The average of the
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vertical and horizontal lengths, in pixel units, was used as
the measure of pupil diameter.

Data Analyses

For Phase 1, session 1 data were subjected to Fentanyl Dose
(placebo and cumulative 0.25, 0.75, and 1.50 mg/70 kg)
repeated measures analyses of variance (ANOVAs). In all
analyses, Huynh-Feldt corrections were applied to adjust
for violations of sphericity. ANOVAs with a significant
(po0.05) dose effect were followed by least-square mean
comparisons of active fentanyl dose conditions with
placebo. To evaluate the significance of dose-related
changes, the highest cumulative fentanyl dose condition
was also compared with the two lower dose conditions.
Phase 1, session 2 data were subjected to Drug (fentanyl,
placebo)�Time (5, 25, 45, 65, and 85 min postdrug change
from baseline) repeated measures ANOVAs. Consistent with
the expected time course of i.v. fentanyl effects from
previous work (Greenwald et al, 1996), analyses revealed
no carryover effects of administering fentanyl first (ie all
measures returned to baseline levels).

Phase 2 data were analyzed using Pretreatment (naloxone
and saline)�Time (5, 25, and 45 min change from baseline)
repeated measures ANOVAs. To separately determine
effects of the pretreatments (assessment cycles starting at
5, 25, and 45 min, ie, prior to drug SA) and reinforcer
(assessment cycles starting at 5, 25, and 45 min post-SA),
subsequent two-way ANOVAs were conducted using the
relevant time points. To evaluate significant Pretreat-
ment�Time interactions, experimental conditions were
compared using least-square difference comparisons at the
same postdrug times.

Response differences between self-administered and
passively administered fentanyl bolus injections were
evaluated using two-way repeated measures ANOVAs using
three Conditions (fentanyl SA (phase 2), fentanyl PA, and
saline PA (phase 1)) and three Time points (5, 25, and

45 min postadministration). Least-square difference com-
parisons between conditions at each time point were
conducted to further examine the source of these differ-
ences. (Although subjective drug effects were reported in
the companion paper for this study (see Greenwald, 2004, in
press), these measures were not tested for fentanyl SA vs PA
differences as done here. To address this issue, five well-
validated subjective drug effect measures (three visual
analog scale ratings: pleasantness, drug liking, and drug
high; a questionnaire measure of heroin craving based on a
34-item total score; and a questionnaire measure of opioid
agonist symptoms based on a 16-item total score) were
compared for fentanyl SA, fentanyl PA and saline PA
conditions. Postdrug absolute peak scores were used in
these analyses. For all five measures, ANOVA and least
square difference comparison results were identical: Sub-
jective response to fentanyl SA and fentanyl PA was not
statistically different, and both were significantly different
than saline PA. Fentanyl SA and PA increased pleasantness,
liking, high and opioid agonist symptoms and decreased
heroin craving, relative to saline. To summarize, there were
no significant subjective effect differences between fentanyl
SA and PA. These measures are not discussed further, as
they were secondary to the aims of the present study.)

RESULTS

PA (Phase 1)

Table 1 presents results for PA fentanyl cumulative dose–
response in session 1. Relative to the placebo infusion
(which produced no significant changes from baseline),
fentanyl produced significant dose-related increases in EEG
activity, with the highest dose increasing power in delta
(63–79%), theta (76–128%), beta-1 (31–60%), and beta-2
(49–92%) frequency bands across the five selected leads,
but there were no consistent alterations in alpha power
(13–38% across leads; data not shown). Fentanyl produced

Figure 2 Delta-band EEG activation following self-administration (SA) and passive administration (PA) of fentanyl (1.5 mg/70 kg IV) and saline PA. Upper
left: Scalp site location of five representative EEG leads (darkened circles) within the entire electrode array (open circles). Remaining images: Mean (þ
1 SEM) percent change in delta-band EEG response, relative to presession baseline levels, at these five leads: Fz (upper middle), Cz (upper right), Pz (lower
left), T3 (lower middle), and T4 (lower right). Significantly greater response for fentanyl SA vs fentanyl PA was observed for leads Cz and T4, using least-
square difference tests within a given time point. A single asterisk indicates that the condition mean (fentanyl SA and/or PA) was significantly greater than
saline PA (po0.05), and a double asterisk indicates that the fentanyl SA mean was significantly greater than the fentanyl PA (as well as the saline) mean.
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cumulative dose-related decreases in pupil diameter (mio-
sis). Typically, only the highest cumulative fentanyl dose
(1.5 mg/70 kg) produced EEG and miotic effects that
significantly differed from placebo.

Table 2 summarizes results for bolus fentanyl vs placebo
response in session 2. Relative to placebo (which again
produced no significant changes from baseline), PA of high-
dose fentanyl yielded EEG effects that were not statistically
different in magnitude and scalp distribution to those
produced by the same cumulative fentanyl dose in session 1.
Figure 2 includes the time course of delta EEG activation for
the fentanyl 1.5 mg/70 kg and saline placebo PA conditions.
Relative to baseline, fentanyl significantly increased delta
EEG amplitude at 5 min postdrug (average of 78% across
leads; range, 65–94%) and theta EEG amplitude (average of
66% across leads; range, 49–82%); this fentanyl�placebo
difference was smaller at 25 min postdrug, and was no
longer evident at 45 min postdrug. Fentanyl also signifi-

cantly increased beta-1 and beta-2 EEG amplitude but only
at two lead sites (Cz and T4), whereas alpha amplitude (data
not shown) was unaltered across scalp sites. Fentanyl bolus
infusion significantly decreased pupil diameter by 24%, a
miotic effect that was similar in magnitude to session 1.

SA (Phase 2)

Compared to session baseline, fentanyl SA (following
pretreatment with saline) increased delta EEG amplitude
an average of 104% across lead sites (Figure 2) and
constricted pupil size by 19% at 5-min postdrug. Fentanyl
SA increased delta EEG amplitude significantly more than
fentanyl PA (phase 1) at the central midline lead (Cz) and
right temporal lead (T4) at 5 and 25 min postdrug. Seven of
the eight participants exhibited the predicted rank ordering
of conditions (fentanyl SA4fentanyl PA4saline PA) for
delta EEG at the Cz lead. There were no significant delta

Table 1 Mean (SEM) Percent Change from Baseline in EEG Activation and Miosis from Passively Administered Cumulative Doses of
Fentanyl (Phase 1)a

Fentanyl doses (mg/70 kg i.v.)

Measure Fentanyl dose F(3,21) (P) Saline placebo 0.25 mg 0.75 mg 1.5 mg

Delta EEG

Fz 7.99 (0.005) 9.3 (9.9) 17.1 (19.5) 17.5 (19.1) 79.0 (27.2)***

Cz 10.17 (0.0005) 2.2 (6.2) 14.5 (16.0) 14.4 (12.1) 62.5 (19.1)***

Pz 11.02 (0.005) 7.2 (7.3) 15.7 (12.4) 25.6 (16.7) 70.4 (22.5)***

T3 8.28 (0.02) 15.4 (10.5) 20.5 (14.0) 25.9 (13.2) 76.8 (25.3)***

T4 9.12 (0.01) 2.7 (9.1) 10.3 (10.6) 20.8 (13.0) 63.3 (23.2)***

Theta EEG

Fz 9.75 (0.005) 11.4 (6.6) 27.3 (10.7) 51.7 (18.1) 127.9 (31.7)***

Cz 9.29 (0.003) 14.7 (9.6) 21.5 (11.5) 42.3 (14.9) 89.2 (23.2)***

Pz 8.85 (0.002) 12.8 (6.9) 25.1 (9.1) 44.4 (13.3) 87.2 (21.4)***

T3 14.99 (0.0001) 3.2 (3.5) 22.8 (9.8) 44.5 (14.3)* 96.9 (20.8)***

T4 13.26 (0.0002) 12.3 (7.7) 14.7 (10.6) 26.4 (9.1) 76.2 (15.7)***

Beta-1 EEG

Fz 3.59 (0.05) �6.9 (7.5) 8.0 (9.3) 21.3 (14.3) 43.3 (21.7)**

Cz NS 6.7 (5.1) 4.9 (3.6) 13.9 (7.7) 32.8 (16.5)

Pz NS �6.8 (6.6) 8.1 (6.2) 6.2 (11.6) 31.0 (17.3)

T3 5.49 (0.02) �9.8 (8.2) 7.4 (10.4) 18.8 (14.2) 60.0 (25.5)***

T4 5.41 (0.02) 1.6 (6.0) 6.7 (11.0) 11.6 (9.2) 50.5 (16.6)***

Beta-2 EEG

Fz 5.55 (0.01) 6.5 (14.5) 17.1 (13.0) 30.6 (17.8) 71.7 (19.9)***

Cz NS 27.4 (13.3) 16.1 (7.0) 30.5 (7.5) 49.4 (10.7)

Pz 5.26 (0.01) 5.3 (13.7) 11.3 (11.9) 28.5 (18.2) 63.9 (17.8)***

T3 7.57 (0.002) 11.8 (13.8) 19.3 (12.9) 42.8 (17.9) 91.6 (21.1)***

T4 7.17 (0.005) 24.4 (13.1) 17.9 (9.1) 42.1 (14.9) 89.0 (17.3)***

Pupil diameter 11.77 (0.0001) �2.1 (4.1) �7.6 (4.3) �19.5 (6.3)** �23.4 (5.3)***

aColumns list the results of significance testing (ANOVAs) of the Fentanyl Dose effect (with Huynh-Feldt adjusted significance values, means71 SEM and comparisons
at the four cumulative dose levels. Means are percent change from session baseline measurements (prior to saline placebo) taken 5 min after each infusion. Decreases
in pupil diameter reflect constriction (miosis). EEG and pupil diameter scores before and after placebo did not significantly differ.
*Significantly greater than placebo. **Significantly greater than fentanyl 0.25 mg and placebo. *** Significantly greater than fentanyl 0.75 mg, 0.25 mg, and placebo.
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EEG amplitude differences between fentanyl SA and PA for
the remaining leads (Table 2). Fentanyl SA tended to
decrease theta EEG amplitude relative to fentanyl PA
(Table 2) at the left and right temporal leads (T3 and T4),
but this was only significant at T3. Fentanyl SA and PA
produced similar increases in EEG response for other EEG
frequency bands (alpha, beta-1, and beta-2) and similar
degree of pupil constriction (Table 2).

As shown in Figure 3, naloxone itself produced no
significant effect on EEG activity (time points before
t¼ 90 min), but it did significantly attenuate fentanyl SA-
induced EEG activity (time points after t¼ 90 min).
Naloxone pretreatment increased pupil diameter 12%
relative to session baseline (ie mydriasis associated with
precipitated opioid withdrawal), then returned to baseline
85 min after pretreatment; naloxone did not significantly
attenuate fentanyl SA-induced pupil constriction.

DISCUSSION

The seminal finding of this preliminary clinical study is that
self-administered fentanyl doubled delta EEG power,
whereas the identical dose of passively administered
fentanyl produced a statistically smaller increase in delta
EEG power, in heroin abusers. These initial findings are
consistent with preclinical data that self- and passively
administered opioids produce different patterns of electro-
physiological activity (Chang et al, 1997, 1998; Grasing and
Szeto, 1993; Kiyatkin and Rebec, 2001; Lee et al, 1999) and
various other neurobiological changes (Jacobs et al, 2003).
Fentanyl, a highly potent, short-acting, heroin-like drug
with abuse potential in humans (Greenwald et al, 1996;
Baylon et al, 2000), functioned as a reinforcer (ie it
maintained high rates of responding) in these opioid-
dependent volunteers. In the larger-scale study during

Table 2 Percent Changes from Baseline in Mean (SEM) 5-Min Post-Drug EEG Activation and Peak (SEM) Miosis Following Placebo and
Fentanyl Passive Administration (PA; Phase 1) and Fentanyl Self-Administration (SA; Phase 2)a

Measure Condition F(2,14) (P) Cond.�Time F(4,28) (P) Saline PA (Phase 1) Fentanyl PA (Phase 1) Fentanyl SA (Phase 2)

Delta EEG

Fz 6.94 (0.01) 4.99 (0.004) 28.9 (10.7) 94.4 (28.7)* 99.8 (21.9)*

Cz 13.40 (0.001) 5.73 (0.002) 14.4 (16.4) 66.5 (28.8)* 110.4 (26.5)**

Pz 3.59 (0.06) 5.52 (0.002) 13.5 (9.7) 76.8 (27.6)* 95.3 (9.6)*

T3 NS 4.23 (0.02) 16.4 (9.3) 65.1 (21.8)* 82.0 (35.6)*

T4 11.97 (0.001) 2.85 (0.05) 14.8 (16.5) 66.5 (28.9)* 100.4 (28.4)**

Theta EEG

Fz 5.23 (0.04) NS 28.8 (8.7) 74.7 (19.3)* 77.9 (30.3)*

Cz 5.78 (0.03) NS 21.7 (12.7) 49.2 (20.5)* 56.1 (18.6)*

Pz 3.67 (0.09) 2.92 (0.05) 26.8 (13.7) 49.5 (16.0)* 51.4 (21.3)*

T3 4.26 (0.04) 6.79 (0.001) 19.6 (11.2) 82.0 (18.3)* 39.4 (21.1)**

T4 6.57 (0.02) NS 9.9 (12.3) 61.5 (20.6)* 44.5 (14.0)*

Beta-1 EEG

Fz NS NS 23.9 (9.9) 31.4 (11.7) 47.0 (20.4)

Cz 3.05 (0.08) NS 0.9 (5.8) 19.8 (8.6) 29.7 (11.7)

Pz NS NS 22.6 (13.4) 17.2 (9.7) 24.5 (11.6)

T3 NS NS 29.8 (12.7) 43.6 (20.1) 41.2 (21.7)

T4 3.13 (0.08) NS 14.5 (9.9) 37.0 (14.6) 61.2 (10.8)

Beta-2 EEG

Fz NS NS 33.8 (14.2) 46.6 (10.3) 59.5 (18.6)

Cz 3.92 (0.05) NS 2.4 (6.5) 36.8 (12.9)* 52.1 (14.3)*

Pz NS NS 31.3 (13.0) 43.8 (12.5) 63.2 (22.1)

T3 NS NS 40.1 (14.9) 66.6 (12.8) 70.4 (26.5)

T4 3.43 (0.07) NS 9.6 (9.4) 60.2 (16.0) 93.4 (32.3)

Pupil diameter 4.73 (0.03) Not applicable �10.6 (3.8) �24.0 (3.2)* �19.4 (3.8)*

aColumns list the results of significance testing (ANOVAs) of the Condition main effect and Condition�Time interaction for all measures (with Huynh-Feldt adjusted
significance values), means+1 SEM, and comparisons. Means are percent change from session baseline. EEG response is the increase at 5-min post-drug. Parallel analysis
of post-drug peak (data not shown) yielded similar statistical results because peak scores usually occurred at 5 min post-drug. Pupil response is the smallest value
(miosis) from time points at 5, 25, or 45 min post-drug; there was no Condition�Time interaction tested for pupil diameter.
*Significantly greater than saline PA. **Significantly different than fentanyl PA.
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which these EEG data were recorded, these fentanyl doses
significantly increased self-reported euphoria, decreased
self-reported heroin craving, and significantly increased
ratings of the drug’s monetary value (Greenwald, 2004, in
press). Interestingly, SA and PA fentanyl did not produce
significantly different effects nor any trends on subjective
drug liking, high, opioid agonist symptoms, pleasantness, or
heroin craving, in the present analysis (see section Data
Analysis), indicating a dissociation between EEG and
subjective measures. The reason for this dissociation
between EEG and subjective report measures is not
presently clear but could reflect factors other than direct
pharmacological effects of fentanyl on the EEG (see below).

Although the present data await replication, the specifi-
city of this novel finding was demonstrated in several ways.
First, although fentanyl PA increased EEG amplitude in
delta, theta, beta-1, and beta-2 (ie slow- and fast-wave)
frequency bands, the greater EEG response following
fentanyl SA was delta-specific (0.35–3.5 Hz). Interestingly,
this is the frequency range in which fentanyl produces its
typical effects when administered passively to surgical
patients (Bovill et al, 1983; Scott et al, 1991; Sebel et al,
1981; Wauquier et al, 1984). Unfortunately, there are no
published studies that compare postoperative EEG response
to self-administered opioids (ie patient-controlled analge-
sia) vs medical staff-administered opioids. Second, the delta
power increase was primarily evident at the central midline
lead (Cz) and the right temporal (T4) lead. At the same
time, fentanyl SA relative to PA had the opposite effect on
theta-band power, that is, significantly decreased activation
at the left temporal (T3) lead. As scalp EEG signal changes
are complexly determined and must be cautiously inter-

preted, the meaning of these sites of SA-related activity is
not presently clear. Third, EEG activity changes produced
by fentanyl PA and SA were time-dependent, peaking at the
first postdrug time point and decreasing thereafter. These
observed changes in EEG signal are consistent with
fentanyl’s pharmacokinetics. Fourth, naloxone (relative to
saline) pretreatment attenuated fentanyl SA-induced EEG
activity, also in a time-related manner. This finding is most
likely related to lingering opioid receptor antagonist actions
of naloxone. Finally, although pupil constrictionFa classi-
cal physiological measure of mu-opioid agonist effectFwas
sensitive to fentanyl dose, it was not sensitive to the
difference in fentanyl SA vs PA.

There are several limitations to the present study. First,
the sample size was small and it will be necessary to conduct
a larger-scale study to test the reliability of these observed
effects. Second, experimental manipulations were con-
ducted within subject (ie each participant was his own
control), in contrast to the between-subject triad, yoked-
control design that has been traditionally used in preclinical
studies. Ideally, the most convincing human demonstration
would be to conduct a triad (parallel-group) design that
mimics these preclinical studies. However, a potential
drawback with such an approach is that there are
substantial individual differences across human subjects,
which could obscure drug SA vs PA differences using a
yoked-control design. Thus, despite these limitations, a
within-subject design may be more sensitive and practical
than a between-subjects design to address this scientific
question with human volunteers. The primary behavioral
differences between SA and PA conditions in this study
were that each participant had to perform 1500 key press
responses to earn drug, and they initiated drug infusion
with a single button press. It is possible that differences in
EEG response to SA vs PA could partly depend on the
operant response requirement, such that a lower response
requirement than imposed here would fail to produce this
neurophysiological effect; therefore, it would be useful to
study this factor parametrically. On the other hand, the
temporally extended operant response criterion in this
study raises the possibility that the EEG difference between
SA and PA may be influenced by factors other than sheer
motor output. For instance, the intermittent work periods
(ie three periods of five FR 100 performances, each
separated by 20 min) and delay between completing the
work requirement and self-administering drug (ie about
30 min) in the present study could introduce effects of
associative cognitive processes (eg anticipation of initiating
the infusion and the euphoria it produces) that may affect
EEG response. Additional research should also address
these different influences.

A third limitation is that fentanyl PA always occurred
before fentanyl SA in the present study, which confounds
the effects of these different modes of drug administration
with time. Typically, one observes a reduction in effect (ie
tolerance) with repeated fentanyl administration; tolerance
has been reported for fentanyl’s discriminative stimulus
effects (Emmett-Oglesby et al, 1989; Walker et al, 1997) as
well as antinociceptive and sedative effects (Choe and
Smith, 2000; Chia et al, 1999; Thornton et al, 2000).
Although there do not appear to be any published studies
that have examined whether repeated fentanyl exposure

Figure 3 Delta-band EEG activity at the central midline (Cz) lead,
following saline (control) and naloxone pretreatment. Naloxone relative to
saline pretreatment did not significantly alter EEG response through 85 min
after pretreatment, but naloxone attenuated the fentanyl SA-induced delta-
band EEG increase, suggesting the involvement of opioid receptors.
Asterisks indicate that EEG response was significantly higher (po0.05, least-
square difference tests) at all three time points after fentanyl self-
administration with saline, relative to naloxone, pretreatment.
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produces sensitization, studies have shown that repeated
morphine exposure produces tolerance to EEG effects
(Tortella et al, 1979; Young and Khazan, 1984) but
sensitization to locomotor behavior (Bartoletti et al, 1987;
Powell and Holtzman, 2001). Thus, preclinical data suggest
that one would expect repeated fentanyl exposure to result
in decreased EEG response, in contrast to the increased
response following SA observed in later sessions (relative to
PA in earlier sessions) of the present study. However, it is
not clear whether such data are comparable to the human
experimental situation for a few reasons. First, the present
study examined effects of repeated fentanyl exposure in
heroin-dependent humans, whereas preclinical studies have
examined effects of repeated opioid exposure in previously
opioid-naı̈ve animals. Second, there are major differences in
dosing procedures between human and animal studies that
make close comparisons difficult. A related issue is that the
present conclusions may be limited to the fentanyl dose
used in this study; additional studies should vary the drug
unit dose to explore the robustness of these findings. Third,
different opioids such as morphine and fentanyl can
produce markedly different EEG patterns. For instance,
Phillips et al (1994) found that morphine primarily affected
alpha-band but not delta-band activity in heroin abusers,
whereas in the present study fentanyl primarily affected
delta-band but not alpha-band activity.

The present authors are not aware of any published
clinical studies that have sought to examine the effect of
drug SA vs PA on any measure of human brain function. In
laboratory rats, total EEG amplitude (a gross functional
measure that is not frequency-specific) was observed to be
lower preceding morphine SA than preceding PA, which the
authors (Grasing and Szeto, 1993) suggested was probably
related to the lever-pressing behavior of the group of
animals who could self-administer morphine. Unfortu-
nately, results of that study did not include whether the
post-SA vs post-PA EEG response to morphine differed,
making it difficult to compare with the present results.
In other animal studies, freely moving rats that actively
self-administered (FR 1 schedule) vs passively received
intravenous heroin showed different patterns of electro-
physiological activity in both the ventral tegmental area
(Kiyatkin and Rebec, 2001) and nucleus accumbens and
prefrontal cortex (Chang et al, 1997, 1998; Lee et al, 1999).
Data from these latter studies are consistent in showing
that, although most neurons showed no changes in rate of
spontaneous firing after heroin SA or PA and very few
neurons (o5%) showed any post-heroin excitatory re-
sponse, about 20% of nucleus accumbens neurons selec-
tively responded with inhibition of spontaneous firing
following heroin SA relative to PA, an effect that was
blocked by systemic naloxone pretreatment (Lee et al,
1999). Of course, the interpretation of the present study
results is much more limited because scalp EEG activity
cannot precisely measure localized brain function; that is, it
lacks the specificity of single-unit firing used in these
preclinical studies to identify neurobiological processes
involved in drug reinforcement.

Tempered by the limitations described, it appears that the
significantly greater EEG activation produced by fentanyl
SA relative to PA in this study may favor the involvement of
a tolerance-opposing process, which could include altera-

tions in attention, cognitive associative processes, and/or
behavioral activity preceding and contingent upon drug
self-administration. The potential contributions of these
multiple factors should be tested to address these alternative
explanations. With these cautions in mind, the positive
results of this ‘proof of concept’ test support the idea that
real-time neuroimaging (eg functional MRI) techniques
could be used to study more precisely the interaction
between brain circuits that mediate drug SA behaviors and
direct pharmacological effects. This type of research could
provide insights into learning processes that make drug
addiction such a persistent psychobiological disorder and
challenging public health problem.
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