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cylglycine (free base), and Fast Blue BB 
as artificial substrate, peptide accep- 
tor, and indicator, respectively (11). 

In cocultures in which ME-2 cells 
wereincubated upside down on C6 cells, 
y-GTP could be demonstrated in ME-2 
cells within 24 hours (Fig. Id). When the 
length of coculture incubation or the 
number of C6 cells in the feeder layer or 
both were varied, the appearance and in- 
tensity of y-GTP reaction were depen- 
dent on time and C6 cell density. The en- 
zyme concentration, as indicated by in- 
tensity of staining, increased with 
increasing incubation time and, for a 
standard induction period (24 or 96 
hours), the enzyme concentration in- 
creased with increasing C6 cell density. 
If cycloheximide (100 ,/g/ml) was present 
during coculture conditions that would 
normally give a high concentration of y- 
GTP in ME-2 cells, the enzyme concen- 
tration could be reduced (Table 1); how- 
ever, the enzyme was never completely 
abolished. In similar ME-2/C6 cocultures 
in which parts of the C6 monolayer were 
removed prior to coculture, the enzyme 
was detectable only in ME-2 cells that 
lay directly over C6 cells; ME-2 cells that 
lay over empty areas of the dish were 
negative for y-GTP (Fig. le). This result 
indicates that an intimate relationship is 
needed between the two cell types in or- 
der to induce the enzyme in the ME-2 
cells. 

In other experiments, the ME-2/C6 co- 
cultures were separated after 24 hours 
and the ME-2 cells maintained as a single 
cell type for various periods of time after 
being cocultured; the enzyme was shown 
to persist for at least 72 hours after co- 
culture (Fig. If). However, in ME-2 
monolayers 72 hours after coculture, 
there began a disappearance of y-GTP on 
a per cell basis at a time coincident with 
renewed proliferation in the ME-2 cells. 
We interpret this to indicate that y-GTP 
needs constant induction. All other co- 
culture conditions used did not induce y- 
GTP (Table 1). 

We propose that the brain capillary 
endothelial cells require an inductive 
force to maintain high levels of y-GTP 
activity. In coculture the glial cell can 
provide such an inductive force to the 
ME-2 cells, provided the two cell types 
are in close contact, a relationship that 
mimics the microanatomy in vivo. To 
our knowledge, this is the first demon- 
stration of the glial cell inducing an en- 
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tion process is not species-specific, since 
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the C6 glial cells are of rat origin whereas 
the ME-2 vascular endothelial cells are 
isolated from the mouse. These findings 
pose many interesting questions related 
to mechanisms of interaction between a 
variety of cell types. 
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sion of time-locked electrical waves from 
the human brain that can be recorded at 
the scalp as the evoked potential or 
event-related potential (ERP). The ear- 
lier waves in the ERP are generally re- 
garded as exogenous or stimulus-bound, 
because their properties are determined 
primarily by the physical attributes of 
the stimulus. A number of components 
with longer latencies (including the P3 
wave at 300 to 500 msec) are highly sen- 
sitive to the processing demands of the 
task; these are considered to be endoge- 
nous in that they reflect cognitive opera- 
tions triggered by relevant or significant 
stimuli (1). 

Attempts to correlate human ERP 
components with specific psychological 
processes have met with varying suc- 
cess. In the case of exogenous ERP's, 
many of the psychophysiological rela- 
tionships that have been reported are se- 
verely disrupted when the rate of stimu- 
lus delivery is changed (2). For example, 
the amplitudes of the long-latency com- 
ponents of the auditory evoked potential 
(N, and P2 occurring at 100 and 180 
msec, respectively) covary with per- 
ceived loudness when the interstimu- 
lus interval (ISI) is constant (3); how- 
ever, shortening the ISI below about 
10 seconds progressively reduces N1 and 
P2 amplitudes without a corresponding 
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change in loudness (4) or reaction time 
(5). 

The temporal recovery properties of 
endogenous ERP components have not 
yet been systematically investigated. In- 
sofar as they index human cognitive pro- 
cesses, however, they should exhibit 
short refractory periods or recovery cy- 
cles like those of the cognitive opera- 
tions with which they are associated. 

We have examined the recovery prop- 
erties of the P3 wave, a long-latency (300- 
to 500-msec) endogenous potential asso- 
ciated with cognitive operations like de- 
cision-making, stimulus evaluation, and 
sensory detection (1, 2). We now report 
that the P3 wave exhibits a recovery 
cycle that parallels the speed with which 
accurate decisions can be made in a sig- 
nal-detection paradigm, a recovery cycle 
much shorter than those reported for 
other long-latency ERP components. 

We elicited sequences of P3's by re- 
quiring subjects to tally near-threshold 
or suprathreshold (70-dB sound level) 
tones presented at short ISI's. As many 
as three such tones (all 1.0 kHz and 50 
msec long) could be presented on a 
single trial during a 1200-msec interval 
(6). 

Each trial began with a faint warning 
flash, which was followed by three posi- 
tions where tones might or might not be 
presented, according to a random sched- 
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subject's ability to evaluate signals, whereas the P3 appears to be generated at the 
same high rates as the decision processes with which it is associated. 
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Fig. 1. Event-related potentials from the vertex to correct 
presented) in near-threshold (left, group 1) and suprathres 
dicate the time of stimulus delivery. Shaded areas show P3 
lines. 

ule. The first and third positions (termed 
Sa and Sc) were fixed in time and fol- 
lowed the warning cue by 900 aid 2i00 
msec, respectively. The second tone (Sb) 
could occur either 300, 600, or 900 msec 
after Sa (Fig. 1). 

Tones were presented independently 
with a probability of .5 in each position, 
with the stipulation that a tone could oc- 
cur at only one of the Sb positions on any 
trial. Thus one-eighth of the trials con- 
tained no tones at all, and one-eighth 
contained three tones. The three pos- 
sible Sa-Sb intervals were given in ran- 
dom order from trial to trial, with each 
equiprobable. A second flash occurring 
1.2 seconds after the Sc position cued 
subjects to report orally the number of 
tones detected during that trial. Intertrial 
intervals averaged 7.2 seconds (range 4.0 
to 15.0 seconds). 

Twelve blocks of 25 trials each were 
presented during a 1.5-hour test period. 
Electroencephalographic data from each 
subject were recorded from three mid- 
line scalp sites (Fz, Cz, and Pz), stored 
on f-m tape, and analyzed off-line (7). 
The amplitude of the individual P3's 
within a trial was quantified according to 
a sloping baseline-peak measure (8); N1- 
P2 amplitudes were measured from peak 
to peak using suprathreshold data only. 

Subjects' detection performance was 
consistently accurate in both near- 
threshold (91.3 percent of the trials were 
correctly reported) and suprathreshold 
(more than 99 percent correct) tasks and 
did not vary systematically in either ex- 
periment as a function of ISI. 

Figure 1 shows ERP's recorded at the 
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tencies were longer after 300-msec ISI's 
than at Sa (12). 
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detection of each near-threshold my in the speed of recovery of the N1-P2 
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term habituation or to the different levels 
of activation required to excite short- 
term memory traces (16). 

The short recovery cycle of P3 may al- 
so be characteristic of other endogenous 
components associated with human in- 
formation processing (17). If so, studies 
of refractory properties may provide a 
basic criterion for linking ERP com- 
ponents to specific perceptual and cogni- 
tive processes. 

DAVID L. WOODS 
STEVEN A. HILLYARD 

ERIC COURCHESNE 
ROBERT GALAMBOS 

Department of Neurosciences, 
University of California, San Diego, 
La Jolla 92093 

References and Notes 

1. For a recent review, see E. Donchin, W. Ritter, 
W. C. McCallum, in Event-Related Brain Poten- 
tials in Man, E. Callaway, P. Tueting, S. Kos- 
low, Eds. (Academic Press, New York, 1978), 
pp. 349-411. 

2. Reviewed by S. Hillyard, T. W. Picton, D. Re- 
gan ibid., pp. 223-321. 

3. H. Davis and S. Zerlin, J. Acoust. Soc. Am. 39, 
109 (1965). 

4. H. Davis, T. Mast, N. Yoshie, S. Zerlin, Elec- 
troencephalogr. Clin. Neurophysiol. 21, 105 
(1966); G. Long, Acta Psychol. 39, 377 (1975). 

5. J. Boddy Q. J. Exp. Psychol. 25, 327 (1973). 
6. Tones and low-level (30-dB sound level) mask- 

ing noise were presented binaurally through ear- 
phones. All stimuli were delivered under the 
control of a tape-recorded sequence of trigger 
pulses, so that each subject received an identical 
pattern of stimulation. 

7. Two different groups of subjects were run in the 
near-threshold condition. Subjects in group 1 
(three female and two male, ages 18 to 25) each 
participated in two successive test periods (600 
trials). The EEG data from these subjects were 
amplified by chopper-stabilized d-c amplifiers 
(bandpass 0 to 40 Hz), and averaged and quan- 
tified by computer (PDP 11/45). Subjects in 
group 2 (five female and three male, ages 18 to 
34) participated in a single test period. Their 
EEG's were amplified by low-frequency-sensi- 
tive a-c amplifiers (bandpass, 0.15 to 150 Hz), 
averaged on a signal averager and quantified 
from x-y plots with a ruler. In the suprathreshold 
experiment, five subjects (all female, 19 to 32 
years old) reported the number of tones present- 
ed on each trial, as in the near-threshold experi- 
ment; stimulus delivery was controlled by the 
same tape-recorded sequence of trigger pulses. 
Procedures for data recording, analysis, and 
quantification were identical to those for group 1 
subjects. 

8. The P3 was measured with respect to a baseline 
connecting the mean voltage during the 200 
msec before stimulus delivery with the mean 
voltage from 450 to 600 msec after the stimulus. 
This baseline was chosen to minimize the pos- 
sible influence of slow potential shifts on P3 am- 
plitude. Other measures (including prestimulus 
baseline-peak and P3 area) provided results con- 
sistent with those reported here. 

9. For reasons of brevity only data from the triplet 
(three-tone) trials are presented here. 

10. D. A. Nelson and F. M. Lassman J. Speech 
Hear. Res. 16, 297 (1973). 

11. Recovery cycle calculations for near-threshold 
P3's were complicated by the fact that P3's to 
unpreceded tones at Sa were slightly smaller (20 
to 25 percent) than P3's to unpreceded tones at 
other positions [F(1,16) = 5.914, P < .05]. 
Hence, while near-threshold P3's following 300- 
msec ISI's were as large as those at Sa, they 
were slightly smaller than P3's following unpre- 
ceded stimuli at the Sb3o and Sc positions 
[F(1,16) = 5.49, P < .05 combined over Sb and 
Sc positions]. However, near-threshold P3's to 

term habituation or to the different levels 
of activation required to excite short- 
term memory traces (16). 

The short recovery cycle of P3 may al- 
so be characteristic of other endogenous 
components associated with human in- 
formation processing (17). If so, studies 
of refractory properties may provide a 
basic criterion for linking ERP com- 
ponents to specific perceptual and cogni- 
tive processes. 

DAVID L. WOODS 
STEVEN A. HILLYARD 

ERIC COURCHESNE 
ROBERT GALAMBOS 

Department of Neurosciences, 
University of California, San Diego, 
La Jolla 92093 

References and Notes 

1. For a recent review, see E. Donchin, W. Ritter, 
W. C. McCallum, in Event-Related Brain Poten- 
tials in Man, E. Callaway, P. Tueting, S. Kos- 
low, Eds. (Academic Press, New York, 1978), 
pp. 349-411. 

2. Reviewed by S. Hillyard, T. W. Picton, D. Re- 
gan ibid., pp. 223-321. 

3. H. Davis and S. Zerlin, J. Acoust. Soc. Am. 39, 
109 (1965). 

4. H. Davis, T. Mast, N. Yoshie, S. Zerlin, Elec- 
troencephalogr. Clin. Neurophysiol. 21, 105 
(1966); G. Long, Acta Psychol. 39, 377 (1975). 

5. J. Boddy Q. J. Exp. Psychol. 25, 327 (1973). 
6. Tones and low-level (30-dB sound level) mask- 

ing noise were presented binaurally through ear- 
phones. All stimuli were delivered under the 
control of a tape-recorded sequence of trigger 
pulses, so that each subject received an identical 
pattern of stimulation. 

7. Two different groups of subjects were run in the 
near-threshold condition. Subjects in group 1 
(three female and two male, ages 18 to 25) each 
participated in two successive test periods (600 
trials). The EEG data from these subjects were 
amplified by chopper-stabilized d-c amplifiers 
(bandpass 0 to 40 Hz), and averaged and quan- 
tified by computer (PDP 11/45). Subjects in 
group 2 (five female and three male, ages 18 to 
34) participated in a single test period. Their 
EEG's were amplified by low-frequency-sensi- 
tive a-c amplifiers (bandpass, 0.15 to 150 Hz), 
averaged on a signal averager and quantified 
from x-y plots with a ruler. In the suprathreshold 
experiment, five subjects (all female, 19 to 32 
years old) reported the number of tones present- 
ed on each trial, as in the near-threshold experi- 
ment; stimulus delivery was controlled by the 
same tape-recorded sequence of trigger pulses. 
Procedures for data recording, analysis, and 
quantification were identical to those for group 1 
subjects. 

8. The P3 was measured with respect to a baseline 
connecting the mean voltage during the 200 
msec before stimulus delivery with the mean 
voltage from 450 to 600 msec after the stimulus. 
This baseline was chosen to minimize the pos- 
sible influence of slow potential shifts on P3 am- 
plitude. Other measures (including prestimulus 
baseline-peak and P3 area) provided results con- 
sistent with those reported here. 

9. For reasons of brevity only data from the triplet 
(three-tone) trials are presented here. 

10. D. A. Nelson and F. M. Lassman J. Speech 
Hear. Res. 16, 297 (1973). 

11. Recovery cycle calculations for near-threshold 
P3's were complicated by the fact that P3's to 
unpreceded tones at Sa were slightly smaller (20 
to 25 percent) than P3's to unpreceded tones at 
other positions [F(1,16) = 5.914, P < .05]. 
Hence, while near-threshold P3's following 300- 
msec ISI's were as large as those at Sa, they 
were slightly smaller than P3's following unpre- 
ceded stimuli at the Sb3o and Sc positions 
[F(1,16) = 5.49, P < .05 combined over Sb and 
Sc positions]. However, near-threshold P3's to 
tones preceded by 900 msec ISI's were not only 
much larger than those at Sa, but were also 
larger than those following unpreceded stimuli 
at other positions (P < .05 for all comparisons). 
Although unpreceded suprathreshold P3's did 
not differ in amplitude as a function of position, 
suprathreshold P3 recovery cycles were com- 

SCIENCE, VOL. 207, 8 FEBRUARY 1980 

tones preceded by 900 msec ISI's were not only 
much larger than those at Sa, but were also 
larger than those following unpreceded stimuli 
at other positions (P < .05 for all comparisons). 
Although unpreceded suprathreshold P3's did 
not differ in amplitude as a function of position, 
suprathreshold P3 recovery cycles were com- 

SCIENCE, VOL. 207, 8 FEBRUARY 1980 

plicated by the possible influence of the quan- 
tification procedure on the small P3 component. 
In particular, with 300-msec ISI's the sloping 
baseline included portions of the preceding P2- 
P3 complex. Hence, at these intervals, the base- 
line may have been shifted positively, thereby 
reducing the measured suprathreshold P3 ampli- 
tudes. Thus, the data in Fig. 2 may underesti- 
mate the extent of suprathreshold P3 recovery 
at 300-msec ISI's. 

12. For near-threshold P3's, this latency difference 
averaged 26 msec [F(1,16) = 13.57, P < .01]; 
for suprathreshold P3's, it was 20 msec 
[F(1,16) = 4.49, P < .05]. 

13. T. Allison, Electroencephalogr. Clin. Neuro- 
physiol. 14, 331 (1962). 

14. M. Smith, Psychol. Bull. 67, 202 (1967). 
15. D. L. Woods, E. Courchesne, S. A. Hillyard, R 

Galambos, Prog. Brain Res., in press. 

plicated by the possible influence of the quan- 
tification procedure on the small P3 component. 
In particular, with 300-msec ISI's the sloping 
baseline included portions of the preceding P2- 
P3 complex. Hence, at these intervals, the base- 
line may have been shifted positively, thereby 
reducing the measured suprathreshold P3 ampli- 
tudes. Thus, the data in Fig. 2 may underesti- 
mate the extent of suprathreshold P3 recovery 
at 300-msec ISI's. 

12. For near-threshold P3's, this latency difference 
averaged 26 msec [F(1,16) = 13.57, P < .01]; 
for suprathreshold P3's, it was 20 msec 
[F(1,16) = 4.49, P < .05]. 

13. T. Allison, Electroencephalogr. Clin. Neuro- 
physiol. 14, 331 (1962). 

14. M. Smith, Psychol. Bull. 67, 202 (1967). 
15. D. L. Woods, E. Courchesne, S. A. Hillyard, R 

Galambos, Prog. Brain Res., in press. 

16. E. Callaway, in Habituation, H. Peeke and M. 
Herz, Eds. (Academic Press, New York, 1973), 
vol. 2, p. 153; T. W. Picton, S. A. Hillyard, R. 
Galambos, in Handbook of Sensory Physiology, 
vol. 5, Auditory System, W. D. Keidel and W. 
D. Neff, Eds. (Springer-Verlag, Berlin, 1976), 
pp. 343-389; T. W. Picton, K. B. Campbell, J. 
Baribeau-Braun, G. B. Proulx, in Attention and 
Performance, J. Requin, Ed. (Academic Press, 
New York, 1978), vol. 7, pp. 429-467. 

17. For example, the attentional modulation of the 
N1-P2 during selective attention tasks has a re- 
covery cycle much shorter than that of the N1- 
P2 itself. In fact, attention-related ERP enhance- 
ment is largest at ISI's below 500 msec [V. 
Schwent, S. A. Hillyard, R. Galambos, Electro- 
encephalogr. Clin. Neurophysiol. 40, 604 (1976)]. 

16 April 1979; revised 10 October 1979 

16. E. Callaway, in Habituation, H. Peeke and M. 
Herz, Eds. (Academic Press, New York, 1973), 
vol. 2, p. 153; T. W. Picton, S. A. Hillyard, R. 
Galambos, in Handbook of Sensory Physiology, 
vol. 5, Auditory System, W. D. Keidel and W. 
D. Neff, Eds. (Springer-Verlag, Berlin, 1976), 
pp. 343-389; T. W. Picton, K. B. Campbell, J. 
Baribeau-Braun, G. B. Proulx, in Attention and 
Performance, J. Requin, Ed. (Academic Press, 
New York, 1978), vol. 7, pp. 429-467. 

17. For example, the attentional modulation of the 
N1-P2 during selective attention tasks has a re- 
covery cycle much shorter than that of the N1- 
P2 itself. In fact, attention-related ERP enhance- 
ment is largest at ISI's below 500 msec [V. 
Schwent, S. A. Hillyard, R. Galambos, Electro- 
encephalogr. Clin. Neurophysiol. 40, 604 (1976)]. 

16 April 1979; revised 10 October 1979 

Buprenorphine Suppresses Heroin Use by Heroin Addicts 

Abstract. Heroin-dependent men were given buprenorphine (a partial opiate agon- 
ist-antagonist) or a placebo under double-blind conditions on a clinical research 
ward where they could acquire heroin (21 to 40.5 milligrams per day, intravenously). 
Buprenorphine significantly (P < .001) suppressed the self-administration of heroin 
over 10 days. Control subjects took between 93 and 100 percent of the available 
heroin. The effects of buprenorphine were dose-dependent; a dose of 8 milligrams 
per day reduced heroin use by 69 to 98 percent; a dose of4 milligrams per day reduced 
heroin use by 45 percent. Termination of buprenorphine maintenance did not result 
in opiate withdrawal signs or symptoms. The subjects liked buprenorphine and in- 
dicated that it was preferable to methadone or naltrexone. Buprenorphine should be 
a safe and effective new pharmacotherapy for heroin dependence. 
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Buprenorphine is a new oripavine de- 
rivative (1) with 25 to 40 times the anal- 
gesic potency of morphine and an equiv- 
alent duration of action (2). The sub- 
jective effects of buprenorphine also 
resemble those of morphine, and former 
heroin addicts report that they like mor- 
phine and buprenorphine equally well 
(3). In addition to its morphinelike ago- 
nistic properties, buprenorphine is also 
an opiate antagonist that effectively an- 
tagonizes high doses of morphine for 24 
to 36 hours (3). Since buprenorphine is a 
partial opiate agonist-antagonist, it com- 
bines in one drug the characteristics of 

Table 1. Sequence and duration of experimen- 
tal conditions. 

Drug condition Dura- 

Buprenor- t 

phine P 

Baseline Baseline 5 
(drug-free) (drug-free) 

Buprenorphine Placebo 14 
(0.5 to 8 
mg/day) 

Buprenorphine Placebo and 10 
and heroin heroin 

Buprenorphine Methadone 
detoxifica- detoxifica- 5 
tion (7 to 1 tion (25 to 5 
mg/day) mg/day) 

Baseline Baseline 3 
(drug-free) (drug-free) 

Naltrexone Naltrexone 3 
(10 to 50 (10 to 50 
mg/day) mg/day) 
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two of the leading pharmacotherapies for 
heroin addiction. It is equivalent to the 
antagonist naltrexone in potency and du- 
ration of narcotic blockade (4), and its 
opiate agonist properties resemble those 
of methadone in terms of reported posi- 
tive subjective effects. However, termi- 
nation of maintenance with high doses of 
buprenorphine does not result in the se- 
vere and protracted withdrawal signs 
and symptoms (3) that occur when meth- 
adone treatment is ended. A mild, almost 
negligible withdrawal syndrome was de- 
tected about 2 weeks after abrupt cessa- 
tion of maintenance on buprenorphine 
(3). 

Since buprenorphine has some desir- 
able properties as an opiate agonist, does 
not induce physical dependence, and an- 
tagonizes the effects of other opiate 
agonists, it could be an effective pharma- 
cotherapy for heroin addiction. This re- 
port describes the effect of buprenor- 
phine (or placebo) maintenance on self- 
administration of heroin by male opiate 
addicts studied on a clinical research 
ward under double-blind conditions. Ten 
volunteers 24 to 32 years of age (mean, 
28.6 years) and with a 1- to 19-year his- 
tory of heroin use (mean, 10.4 years) 
gave informed consent for their partici- 
pation in these studies. Each subject had 
been treated for heroin addiction in con- 
ventional programs but had failed to 
maintain abstinence from opiates. Each 
volunteer was in good physical health, as 
determined by appropriate medical, psy- 
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